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Zusammenfassung 
Additiver Fertigungstechnologie (oder umgangssprachlich "3D-Druck") wird das Potenzial 
zugeschrieben, einen Weg zu einer neuen Industriellen Revolution zu ebnen. Dabei wurden 
technologische Aspekte in der wissenschaftlichen Literatur umfassend beschrieben, allerdings 
steht die wirtschaftswissenschaftliche Auseinandersetzung mit diesem Phänomen noch am 
Anfang. Daher ist das Ziel dieser Dissertation, die Chancen der additiven Fertigungstechnolo-
gien mit analytisch und empirisch fundierten Erkenntnissen aufzuzeigen – fernab des 
aktuellen medialen Hypes. Dazu wird im Teil A dieser Arbeit eine umfassende Einführung in 
das Forschungsfeld gegeben. Die Einführung enthält einen Überblick über die verschiedenen 
Verfahren der additiven Fertigungstechnologien, deren Anwendungen sowie die Branche als 
Ganzes. Darüber hinaus enthält Teil A die theoretischen Grundlagen für die drei Fachaufsätze, 
die im Teil B enthalten sind. Jeder Fachaufsatz beleuchtet spezifische Aspekte der ökonomi-
schen Auseinandersetzung mit additiver Fertigungstechnologie. Im Folgenden wird ein kurzer 
Einblick in die Fachaufsätze gegeben.  
 
Im Fachaufsatz I wird eine umfassende Literaturrecherche präsentiert, um die zentralen 
Merkmale der Technologie zu identifizieren sowie potenzielle Auswirkungen auf produzie-
rende Unternehmen abzuleiten. Additive Fertigung erlaubt eine direkte digitale Fabrikation 
von dreidimensionalen Objekten. Dabei wird die Individualisierung von Produkten sowie 
höhere Produktvarianz und –komplexität ermöglicht, ohne dass zusätzliche Kosten in der 
Produktion entstehen. Zusätzlich kann der Montageaufwand reduziert werden, wenn funktio-
nale Produkte in einem Fertigungsschritt hergestellt werden. Diese Merkmale der additiven 
Fertigungstechnologien werden auf existierende ökonomische Modelle für die Gewinnfunkti-
on und Marktstruktur produzierender Unternehmen übertragen, um deren zugrundeliegenden 
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Annahmen zu überprüfen und potenzielle Veränderungen in den Resultaten zu diskutieren. 
Dabei werden sieben Propositionen abgeleitet, die eine Forschungsagenda für zukünftige 
Fragestellungen aufzeigen. 
Im Fachaufsatz II wird das Wertschöpfungspotenzial additiver Fertigungstechnologien in 
zwei Konsumentenstudien mit insgesamt 426 Teilnehmern untersucht. Die Konsumenten 
wurden zu ihren Zahlungsbereitschaften für Produkte mit unterschiedlichem Individualisie-
rungsgrad befragt: (i) Ein Standardprodukt ohne Individualisierbarkeit, (ii) eine Produktkon-
figuration mit modularen Optionen für die Individualisierung (konventionelle „Mass 
Customization“) und (iii) eine kontinuierliche Individualisierbarkeit der Produkteigenschaften. 
Letztere wird mithilfe additiver Fertigungsverfahren ökonomisch ermöglicht. In Studie 1 
zeigen wir auf, dass es einen Mehrwert von +189% für die kontinuierliche 
Individualisierbarkeit im Vergleich zum Standardprodukt gab und eine um +50% höhere 
Zahlungsbereitschaft gegenüber der Produktkonfiguration mit modularen Optionen geäußert 
wurde. In Studie 2 können wir eine um +68% höhere Zahlungsbereitschaft für die kontinuier-
liche Individualisierbarkeit im Vergleich zum Angebot mit modularer Produktkonfiguration 
empirisch belegen. Darüber hinaus identifizieren wir verschiedene Werttreiber und diskutie-
ren theoretische sowie praktische Implikationen. 
Im Fachaufsatz III werden zwei weitere Konsumentenstudien mit insgesamt 400 Teilnehmern 
vorgestellt. Hierfür wurden die Teilnehmer durch einen simulierten Online-Kaufprozess 
geführt, in dem sie ein Küchenmesser individuell gestalten konnten. Auch hierbei wird das 
Wertschöpfungspotenzial erhöhter Produktindividualisierung, die mit additiver Fertigungs-
technologie ermöglicht wird, untersucht. In Studie 1 stand die Individualisierbarkeit ästheti-
scher Produktdesign-Attribute im Vordergrund, während eine individuelle Passform im Fokus 
der Studie 2 war. In Studie 1 konnten wir feststellen, dass es keine signifikanten Wertzuwäch-
se für eine erhöhte Produktindividualisierbarkeit von ästhetischen Attributen gab. Im Gegen-
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satz dazu gaben Konsumenten signifikant höhere Zahlungsbereitschaften für eine höhere 
individuelle Passform des Produkts an. Wir zeigen, dass die Charakteristika der Konsumenten 
einen Einfluss auf den wahrgenommenen Produktwert hatten: Sowohl das produktbezogene 
Engagement („Product Involvement“) als auch die grundsätzliche Einstellung zu 
Produktindividualisierbarkeit haben die Zahlungsbereitschaften positiv beeinflusst. Darüber 
hinaus zeigen wir theoretische sowie praktische Implikationen auf, wenn eine erhöhte 
Produktindividualisierbarkeit mithilfe additiver Fertigungsverfahren ermöglicht wird. 
 
Zusammenfassend können folgende ökonomische Potenziale der additiven Fertigungstechno-
logien im Rahmen dieser Dissertation aufgezeigt werden: 
(1) Die Auflösung von Produktionskosten-Paradigma konventioneller Fertigungssysteme, 
(2) Die potenzielle Veränderung von Marktstrukturen und eine Erhöhung der verfügbaren 
Produktvarianten,  
(3) Das Wertschöpfungspotenzial beim Angebot hochindividualisierter Produkte, 
(4) Die Erweiterung konventioneller „Mass Customization“-Angebote mit modularer 
Anpassung um das Angebot einer Produktindividualisierung mit stufenloser Anpas-
sung sowie 
(5) Die Realisierbarkeit einer verbesserten Segmentierungsstrategie. 
 
In den drei Fachaufsätzen werden Argumente, die zu diesen ökonomischen Potenzialen 
führen, diskutiert. Gleichzeitig werden auch Grenzen der additiven Fertigungstechnologien 
vorgestellt. Verschiedene Faktoren können die Ausschöpfung dieser Potenziale einschränken, 
wie z.B. hohe Grenzkosten der Produktion, Materialverfügbarkeit, fehlende Reproduzierbar-
keit/Prozesssicherheit sowie ungeklärte Eigentumsrechte an digitalen Produktdesigns oder 
fehlende Produktdesign-Kenntnisse.  
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Executive Summary 
Additive Manufacturing (AM), or colloquially “3D Printing”, has been referred to as a 
technology that has the potential to pave the path towards a new industrial revolution. 
Although scholars have comprehensively investigated technological aspects of AM, economic 
discussions remain scarce. Trying to substantiate the current media hype surrounding AM 
with analytical and empirical findings, the goal of this research project is to discuss economic 
implications of AM technology. This is why in Part A, a comprehensive introduction to the 
research field is given. The introduction includes an overview of AM technology and its 
industry as a whole. Moreover, theoretical background is presented which forms the basis of 
the three research papers in Part B of this thesis. Each of the research papers portrays distinct 
aspects of AM from different perspectives—in the following a brief outline of the research 
papers is given.  
 
In Research Paper I, a comprehensive literature review is conducted to identify the technolo-
gy’s key characteristics and its implications on manufacturing firms and markets. With AM 
technology a direct digital manufacturing of parts is enabled. There are no penalties in 
manufacturing for product customization, higher variety or complexity of product designs, 
while assembly efforts can be reduced when functional products are produced in one step. 
Given these characteristics, existing models of a manufacturing firm’s payoff function and 
market structure are studied by adjusting underlying assumptions to reflect AM technology’s 
characteristics. In doing so, seven propositions are derived that build an impetus for future 
research. 
In Research Paper II, the value creation potential of product customization with AM technol-
ogy is portrayed in two empirical consumer studies with a total of 426 participants. Consum-
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ers were asked about their perceived product value and willingness to pay (WTP) for products 
that allowed different degrees of customization: (i) a standard product without customizabil-
ity, (ii) a product configuration with modular choices in product attributes (representing a 
conventional mass customization (MC) approach), and (iii) a continuous adjustment of 
product attributes (“full customization” enabled by AM). In Study 1, we assessed the value 
increment of enhancing customization with German consumers in a simulated online buying 
process of a customizable espresso cup. We revealed that there was a value upside of +189% 
for full customization compared to the standard product offering, and a +50% higher WTP 
compared to the modularly customizable product. In Study 2, we revealed a +68% value 
increment for the full customization approach compared to the conventional MC offering. 
Further, we identify different value drivers and discuss theoretical and managerial implica-
tions.  
In Research Paper III, two further consumer studies are presented with a total of 400 survey 
participants. They were shown simulated online buying processes of customizable kitchen 
knives. Again, a potential value increment when product attributes can be steplessly adjusted 
was evaluated and compared to conventional MC offerings. In Study 1, we assessed the value 
of customizing style-related/aesthetic product design attributes; then we evaluated customiza-
tion of fit-related attributes in Study 2. When consumers could customize aesthetic attributes, 
we found that differences in perceived product value were insignificant. Contrarily, when 
consumers customized fit-related attributes, there was a significant value upside for the full 
customization approach enabled by AM technology. We revealed that both, product involve-
ment and attitude toward customization influenced WTP positively. Further, we deduct 
theoretical and managerial implications when enhancing customization with AM and outline 
directions for future research. 
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Overall, this research project highlights AM’s potential of 
(1) Disrupting cost paradigms of conventional manufacturing systems, 
(2) Changing market structures and increasing available product variety, 
(3) Creating a value increment when offering highly customized products, 
(4) Enhancing MC offerings from a modular choice to continuous adjustments in a prod-
uct’s solution space, and 
(5) Facilitating an enhanced market segmentation strategy. 
 
In three research papers, arguments leading to these highlights are discussed while downsides 
of AM technology are presented, too. Different factors may hinder that these potentials can be 
fully unleashed such as e.g., high marginal production costs, reliability in meeting quality 
requirements and reproducibility of parts, availability of printable materials, or the lack of 
appropriate intellectual property rights (IP) and product design skills to fully exploit AM’s 
technological opportunities.  
Thesis Structure Overview IX 
Thesis Structure Overview 
This thesis consists of two parts. In the first part, an overview of the research field is given, 
including an introduction to the AM industry, theoretical background that forms the founda-
tion of the dissertation project, the outline of the guiding research questions and the corre-
sponding research papers. This part is concluded with a general discussion. The second part 
consists of three research papers which focus on the discussion of economic implications of 
3D printing. Previous versions of these research papers and parts of the introductory chapter 
were presented at academic conferences and are under review for publication in academic 
journals. Since these are stand-alone research papers, some repetitions and similarities are 
inevitable. 
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Introduction to the Research Field 
 
 
 
 
 
  
1 Introduction 2 
 
1 Introduction 
In this section, the motivation behind the research is presented and the outline of the research 
project is given.  
 
1.1 Motivation 
Lately, additive manufacturing (AM) technology has been referred to as having the potential 
to pave the way towards a new industrial revolution by extending features of conventional 
manufacturing systems (Anderson, 2012; Berman, 2012; The Economist, 2011, 2012). In 
particular by producing parts layer upon layer, AM technology enables flexible production of 
individualized products without cost penalties using direct digital manufacturing processes. 
Flexibility is increased because no tools or molds are needed while assembly requirements 
can be reduced, too. What seemed to be science-fiction to many people, now potentially 
becomes reality with AM technology available for firms and individuals—easily transforming 
digital data into physical, three-dimensional “things”. This may explain some of the large 
general interest and the current media hype surrounding it. 
 
Figure A.1: Google Trend analysis for worldwide search volumes related to 3D printing industry 2004-2014. (Google, 
2014). 
 
As an indicator for the large public interest in AM technology, a web search trend analysis 
(Google Trend) for the “3D printing industry” reveals some evidence (see Figure A.1). Until 
2005 2007 2009 2011 2013
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2010, worldwide search volumes for terms related to the 3D printing industry were several 
magnitudes (approx. 10 times) lower than they are today. They reached a peak in May 2013 
when the “3D-printed gun” story appeared and attracted broad news coverage (Morelle, 
2013). Two years ago, Gartner (2012) argued that AM is at its “peak of inflated expecta-
tions”, noting that technology is still too immature to satisfy the high expectations associated 
with it. Therefore, sustainable business models and applications successfully leveraging the 
advantages of AM technology would need to prove that it is more than hype.
1
 In the latest 
release, Gartner (2014) distinguishes between consumer and industrial uses of AM. The 
former is still considered to be relatively immature and hyped while industrial use of AM is 
likely to reach a level of mainstream adaptation between 2016-2019 (see Figure A.2). 
 
 
Figure A.2: Hype cycle for emerging technologies 2014. (Gartner, 2014). 
                                                 
1
 Indications of market confidence in business models in the 3D printing industry include the recently announced 
acquisition of the 3D home printer manufacturer and operator of the Thingiverse platform, Makerbot, by 
Stratasys for US$403 million (Stratasys, 2013). 
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Much of the recent development in AM innovations is driven by the Makers community with 
a mindset of open-source hardware and Creative Commons licenses. Nonetheless, numerous 
for-profit businesses emerged successfully from this community (Piller, Weller, & Kleer, 
2015). For example, the open-source project for “self-replicating” personal 3D printers (the 
RepRap project), was further developed and commercialized with MakerBot. The rise of 
sustainable business models for AM may be comparable to the advent of personal computing 
(innovations developed in the Homebrew Computer Club which were then commercialized 
with Apple as a professional producers of personal computers), or of digital music distribution 
(from open file sharing communities to commercial online offerings such as iTunes) (Ander-
son, 2012; Berman, 2012; Lipson & Kurman, 2013; Piller et al., 2015). 
 
Several early adopters demonstrate AM’s benefits for firms in different markets. In the shoe 
industry, for example, manufacturers have been using AM technology for many years to 
rapidly test new designs and accelerate the innovation process (Jopson, 2013). But today, 
customized end products are also manufactured with AM. For example, Nike offered a 
customizable football cleat produced with AM in 2013. At the same time, AM technology 
also facilitates market entry into a relatively mature industry. For example, the Belgian shoe 
retailer Runners Service Lab offers affordable, customized running shoes produced with AM 
technology. As a more sophisticated industrial application consider the usage of AM in the 
aerospace industry, where the elimination of conventional design-for-manufacture constraints 
promises opportunities for optimized designs to increase performance and reduce weight of 
components. Despite the high regulatory requirements, AM has already been used for the low 
volume production of aerospace components. For example, Boeing uses some thermoplastic 
components produced with Selective Laser Sintering technology on commercial 737, 747 and 
777 programs and has several hundred components on the 787 aircraft prototype (Mellor, Hao, 
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& Zhang, 2014). AM technology is also used to efficiently produce landing gear aircraft 
assemblies (see Atzeni & Salmi, 2012), or hydraulic components for the performance car 
industry (see Cooper, Stanford, Kibble, & Gibbons, 2012). Further industrial applications of 
AM can be predominantly found in medical/dental markets, defense, automotive and machin-
ery components (Wohlers, 2013).  
 
  
Figure A.3: Number of journal publications containing 3D printing and related terms 2004-2014. (Data collected from 
www.ScienceDirect.com, as of September 2014). 
 
When tracing the number of publications containing “3D printing” and related terms in 
academic journals between 2004 and 2014
2
, it becomes obvious that AM is a comparably new 
and undiscovered topic in the area of business, economic and social sciences. While there 
were a mere but steadily growing number of 13 to 39 journal publications between 2004-
2010, it went up to 97 in 2013 and already reached 105 in 2014 (as of September 2014) (see 
Figure A.3). On the other hand, the magnitude of research published from other disciplines, in 
particular in the domains of technology/engineering and medical science, largely exceeds this 
                                                 
2
 The analysis was compiled with the help of a search query on ScienceDirect.com (as of September 11, 2014) 
limiting results to journal publications between 2004-2014 containing one of the following terms: "3d printing" 
or "3d-printing" or "3d printer" or "3d-printer" or "additive manufacturing" or "generative manufacturing" or 
"rapid manufacturing" or "rapid tooling" or "rapid prototyping". 
888
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10597686539372521242913
200620052004 2014
1,491
2013
1,229
201220112010200920082007
Business, Economics & Social ScienceOthers
1 Introduction 6 
 
number. While there were already over 422 publications in 2004, it went up to 1,229 in 2013 
(in 2014 as of September 2014: 1,491). 
Thus, it is obvious that the academic discussion of AM in the area of business, economics and 
social sciences lacks far behind its technological evaluation. When further scanning the 
content of the corresponding publications, they mostly portray single observed phenomena or 
applications (e.g., behavior of open hardware community, discussion of “3D-printed guns”, 
presentation of single 3D printing projects). In spite of the high expectations associated with 
AM technology and its rapid technological progress with its underlying technological 
research, profound economic assessments that discuss how AM may influence the way firms 
(inter-) act and how consumers may be affected, remain scarce. This is exactly where this 
thesis aims to fill research gaps and initiate discussions as it will be outlined in the subsequent 
sections. 
 
 
1.2 Goal of the Thesis 
Since profound analyses of AM technology’s economic implications are scarce, this thesis 
aims at substantiating its academic assessment. As a central goal, this thesis intends to set a 
common ground of AM technology’s capabilities relevant to firms and individuals, carefully 
separating facts from hype or premises. In spite of captivating stories which recently appeared 
in the popular press, it is crucial to develop a clear understanding of what the technology is 
capable of today, and what it will likely be in future. In particular, the aim of this thesis is to 
highlight the technology’s relevance for manufacturing firms and consumers by giving solid 
references to its fields of application. 
This is why the underlying research of this thesis is grounded on multiple methods (quantita-
tive and qualitative) while arguments are developed from different perspectives (single firm, 
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competitive market, consumer) involving various literature streams (i.e., operations manage-
ment, economic market modelling, innovation management, marketing/mass customization). 
Evidence leading to the research results is found in comprehensive literature reviews, the 
discussion and adaption of analytical economic models, expert workshops, large-scale online 
surveys, and a real consumer experiment. 
 
The research provided throughout this thesis seeks to make substantial theoretical contribu-
tions. By assessing AM as a new source of “modern manufacturing” (Milgrom & Roberts, 
1990), the effects on a firm’s payoff function are systematically identified. Further, estab-
lished economic market structure models are extended to capture AM technology’s specific 
characteristics. Moreover, mass customization (MC) literature is enriched with empirical 
evidence on AM’s value creation potential when enhancing customizability of products from 
a modular approach to full customization with stepless adjustments of product design 
attributes. In Section 5.1 overarching theoretical implications of the dissertation project are 
summarized while each research paper presents its contributions separately in detail. 
 
At the same time, this thesis is meant to present clear practical advice highlighting insights 
that are directly applicable for practitioners. Investment decisions in AM technology are 
facilitated by outlining its capabilities as well as limitations. It is discussed how a firm’s 
payoff function is affected on the cost side, while also giving empirical evidence on the 
technology’s value creation potential. Supplementing the analytical findings, a large number 
of industry examples are referred to throughout this thesis. In a condensed way, practitioners 
find applicable managerial implications in Section 5.2 while, again, each research paper 
presents its practical contributions separately in detail.  
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1.3 Outline of Research Project 
In order to adequately address the stated goals of this thesis, the research is embedded in a 
dissertation project. Research activities are grounded on the project work within the Cluster of 
Excellence “Integrative Production Technology for High-Wage Countries” at RWTH Aachen 
University. As being involved in the research group for “Individualized Production” and 
“Direct, Mold-less Production Systems”, an environment characterized by interdisciplinary 
exchange and collaboration provided fruitful impetus for this thesis’ research. The collabora-
tion with leading technological research institutes, in particular the Fraunhofer Institute for 
Laser Technology (ILT) and RWTH Aachen’s Laboratory for Machine Tools and Production 
Engineering (WZL), gave insights into state-of-the-art AM technology and its current 
developments. 
 
  
Figure A.4: Overview dissertation project. 
 
The research papers portray distinct research questions, each from a certain perspective in 
order to contribute to the overall assessment of economic implications of AM as Figure A.4 
Economic Perspectives on 3D Printing
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outlines. Elements of this thesis have been presented at international conferences and similar 
versions of the research papers have been submitted to peer-reviewed academic journals as 
the overview in Table A.1 summarizes (the column “Relevance to Research Project” high-
lights the contribution to the dissertation project referring to the framework of Figure A.4). 
 
 
The remainder of Part A of this thesis is structured as follows: in Section 2 an overview of 
available AM technologies, its applications and the industry as a whole is given in order to 
prepare for Research Paper I. In Section 3, we examine how AM can enhance customization 
offerings to address unfulfilled heterogeneity in demand preparing for Research Papers II and 
III. Then we outline central research questions and summarize the corresponding research 
papers in Section 4. Lastly, a general discussion and conclusion is presented in Section 5. 
 
  
Type Authors Title Year 
Submitted to/ 
Presented at 
Relevance to 
Research Project 
Journal 
Publications 
Weller, C.; 
Kleer, R.; 
Piller, F.T. 
Economic Implications of 3D Printing – Market Structure 
Models in Light of Additive Manufacturing Revisited 
2015 
Intl. Journal of Production Economics 
(published) 
 
Research 
Conferences 
Weller, C.; 
Merkt, S.; 
Bremen, S.; 
Hinke, C.  
FabLabs: A Blueprint for Decentralized Production? 3D 
Printing Technology Landscape for Digital Manufacturing 
Workshops 
2013 
FabLabCon2013, September 09, 2013. 
Aachen (presented by co-author) 
 
Weller, C. 
Economics of Additive Manufacturing / 3D Printing 
Potential Implications on Markets, Firms and Value 
Creation 
2014 
Cluster of Excellence Conference 2014, 
March 26, 2014. Aachen 
 
Weller, C. 
Value Creation Potential of Additive Manufacturing from 
a Consumer’s Perspective 
2014 
TIME Research Conference, June 03, 
2014. Aachen 
 
Weller, C.; 
Kleer, R.; 
Piller, F.T.  
Enhancing Customization with 3D Printing – Value 
Creation Potential of Additive Manufacturing from a 
Consumer’s Perspective 
2014 
12th Annual Open and User Innovation 
Conference at Harvard Business School, 
July 28-30, 2014. Boston, MA 
 
Weller, C.; 
Kleer, R.; 
Piller, F.T.; 
Hinke, C. 
Economic Implications of 3D Printing – Market Structure 
Models Revisited 
2014 
74th Academy of Management Meeting, 
August 01-05, 2014. Philadelphia, PA 
 
Weller, C.; 
Kleer, R.; 
Piller, F.T. 
Economic Value of Digitized Manufacturing: Product 
Customization with 3D Printing 
2015 
75th Academy of Management Meeting, 
August 07-11, 2015. Vancouver 
 
Research 
Seminars 
Weller, C. Economic & Business Implications of 3D Printing 2013 
TIM I Research Seminar, June 25, 2013. 
Aachen 
 
Weller, C. 
Perceived Value for Co-Designed Products with 3D 
Printing: Wish and Reality 
2014 
TIME Innovation Research Seminar, April 
17, 2014. Aachen 
 
Contribution 
to Edited 
Book 
Piller, F.T.; 
Weller, C.; 
Kleer, R. 
 Business Models with Additive Manufacturing–
Opportunities and Challenges from the Perspective of 
Economics and Management 
2015 
In: Brecher, C. (Ed.): Advances in 
Production Economics. Lecture Notes in 
Production Engineering. Springer: Cham et 
al. 
 
Table A.1: Overview research publications.
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2 AM Technology and Industry Overview 
This section gives a brief overview of AM technology’s landscape, its applications and its 
industry as a whole. Along with a short description of different production methods, the main 
players of the ecosystem are mentioned. Finally, an excerpt on the importance of AM from a 
user innovation perspective is given. 
 
2.1 Technology Landscape 
At its core, AM is “a process of joining materials to make objects from 3D model data, 
usually layer upon layer as opposed to subtractive manufacturing methodologies” (ASTM 
International, 2012). The term “3D printing” is twofold: firstly, it is often used synonymously 
for AM or generative manufacturing to describe the general class of layer-wise production 
processes (ASTM International, 2012; Gebhardt, 2013; Gibson, Rosen, & Stucker, 2010). 
Secondly, it refers to a specific AM technology that uses an extrusion-based melting and 
solidification method with nozzles—this method is comparable to inkjet printers but with the 
z-axis as an additional degree of freedom for printing three-dimensional objects (Gebhardt, 
2007; Hon, 2007; Hopkinson, Hague, & Dickens, 2006). In this thesis, AM and 3D printing 
are used synonymously for describing the general class of additive production processes as 
long as not explicitly stated differently. Special terms denote distinct application fields: 
“rapid prototyping” refers to the production of prototypes with AM technology (Gebhardt, 
2007). “Rapid tooling” describes the production of molds and tools with AM which are then 
used in conventional manufacturing processes such as injection molding (Gibson et al., 2010). 
“Rapid manufacturing” refers to the direct production of end products with AM technology. 
Generally, AM technology is not new; it has been in use since the 1980s. In the early phase, 
applications were mostly limited to the production of prototypes with the goal of offering an 
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affordable and fast way to receive tangible feedback during the product development process; 
prototypes were usually not functional. Primarily, the stereolithography method was used 
which hardens liquid photo-sensitive polymers with laser light in a layer-by-layer process 
(Gibson et al., 2010). Today, prototyping with AM has become a common practice. New 
opportunities arise from AM technology’s promise to replace conventional production 
technologies for serial manufacturing of components or products (“rapid manufacturing”, 
Gibson et al., 2010; Wohlers, 2013).  
Today, a large variety of different AM technologies exist. Ongoing standardization efforts 
aim at finding a coherent terminology for these. The American Society for Testing for Testing 
and Materials (ASTM) agreed upon following generic AM process categories (ASTM 
International, 2012): 
 Binder jetting: “[…] process in which a liquid bonding agent is selectively deposited 
to join powder materials”. 
 Directed energy deposition: “[…] process in which focused thermal energy is used 
to fuse materials by melting as they are being deposited”. 
 Material extrusion: “[…] process in which material is selectively dispensed through 
a nozzle or orifice”. 
 Material jetting: “[…] process in which droplets of build material are selectively 
deposited”. 
 Powder bed fusion: “[…] process in which thermal energy selectively fuses regions 
of a powder bed”. 
 Sheet lamination: “[…] process in which sheets of material are bonded to form an 
object”. 
 Vat photopolymerization: “[…] process in which liquid photopolymer in a vat is 
selectively cured by light-activated polymerization”. 
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These process categories largely differ in the choice of available materials, build rates, and the 
mechanical properties of the produced parts. In the following, some additional background to 
each of these process categories is given (see overview in Figure A.5). 
 
 
Figure A.5: Overview AM technologies and ‘printable’ materials. (Cf. ASTM International, 2012; Gebhardt, 2013; Gibson 
et al., 2010; Ponfoort et al., 2014; Wohlers, 2013). 
 
From a processable materials point of view, binder jetting is one of the most versatile AM 
technologies (Wohlers, 2013). It is capable of producing structures on the basis of plastics, 
metals, ceramics, and composite materials. Moreover, binder jetting processes can process 
multiple materials at once and change material properties (i.e., color). Binder jetting systems 
use print heads which are similar to those installed in desktop inkjet printers to deposit a 
liquid bonding agent for joining material powders. AM systems based on binder jetting 
processes are mainly used for manufacturing end use parts as well as in casting, tooling and 
prototyping applications. Systems manufacturer such as 3D Systems, ExOne and Voxeljet 
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offer AM solutions based on binder jetting processes (Gebhardt, 2013; Ponfoort et al., 2014; 
Wohlers, 2013). 
Directed energy deposition primarily processes metal powders. Its capabilities include the 
processing of multiple materials at once. Machines are usually equipped with a complex 
motion system for the deposition head allowing to add material layers to existing parts. The 
complexity of these systems makes this process category usually a rather expensive solution 
primarily used for industrial applications (Wohlers, 2013). AM solutions based on this 
process category are offered by e.g., BeAM, InssTek, Optomec, and Sciaky. Directed energy 
deposition solutions are mainly used in the direct production of end use parts as well as for 
repairing applications (Ponfoort et al., 2014). 
Material extrusion is a technology that was originally developed by Scott Crump (Stratasys) 
in 1989 called “Fused Deposition Modelling” and, today, it is one of the most spread AM 
technologies. Besides Stratasys, large industry players such as 3D Systems offer AM solutions 
based on the material extrusion process. It is also the key technology for most 3D printers for 
home/personal use (e.g., MakerBot, RepRap). The affordability of this technology (due to the 
expiration of relevant patents in 2009), an active open hardware community (Makers), as well 
as a fairly good availability of processable polymers (often as coiled filaments) are major 
drivers for its current diffusion (Gibson et al., 2010). Besides a rather gadget-oriented use at 
home, it is mainly used for prototyping applications. This technology is also used as the basis 
for printers that are capable of processing edible substances
3
 (Lipson & Kurman, 2013; 
Ponfoort et al., 2014). 
Material jetting is a process category which is characterized by the use of inkjet printing 
heads (similar to binder jetting processes) that sequentially add droplets of build material. 
                                                 
3
 For example, 3D Systems recently launched the so-called “ChefJet”, enabling chefs and bakers to produce 
customized edible arrangements. 
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Available materials include plastic and metals. It is primarily used for investment casting 
patterns. Again, large AM industry players such as Stratasys and 3D Systems offer solutions 
in this process category. Moreover, niche players such as Höganäs offer AM solutions based 
on material jetting. It is mainly used for manufacturing end use parts, casting patterns and 
prototyping applications (Ponfoort et al., 2014; Wohlers, 2013). 
Systems that belong to the powder bed fusion process category achieve very high resolutions 
making it a suitable solution for direct production of end use parts. Further, powder bed 
fusion systems are used for prototyping applications as well as for casting patterns or sand 
molds and cores. These systems are capable of processing polymers, metals, ceramics as well 
as composite materials. Systems manufacturers that are involved in solutions based on 
powder bed fusion processes include Concept Laser, EOS, SLM Solutions, and Renishaw 
(Ponfoort et al., 2014; Wohlers, 2013). 
Sheet lamination systems process sheets of different raw materials (i.e., metals, paper) by 
cutting single sheets and bonding them afterwards. Thereby, each sheet represents one layer 
usually being bonded with some liquid adhesive. AM solutions based on this process category 
are offered by e.g., CIRTES (Stratoconception), Fabrisonic, and Mcor Technologies. Sheet 
lamination processes are mainly used in manufacturing end use parts and for prototyping 
applications (Ponfoort et al., 2014; Wohlers, 2013). 
Vat photopolymerization encompasses all processes in which liquid photopolymers are 
solidified with the help of photonic energy. This process category is capable of processing 
different sort of materials that are filled to the photopolymer (e.g., metals, ceramics, compo-
site materials). Stereolithography, invented by Chuck Hill and patented in 1984 (which was 
later acquired by 3D Systems), is an example for a vat photopolymerization process (Hull, 
2012). Stereolithography was the first commercial AM application. It uses ultraviolet laser 
light to activate polymerization (Gibson et al., 2010). Besides 3D Systems, specialized 
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machine manufacturers such as 3D Ceram, Envisiontec, or Lithoz offer AM solutions in this 
process category. AM solutions based on vat photopolymerization are mainly used for casting 
patterns and prototyping applications (Ponfoort et al., 2014; Wohlers, 2013). 
 
AM is under rapid technological progress, new solutions are regularly introduced across all 
process categories. Current research aims to overcome existing limitations and enhance 
capabilities of AM technology. For example, the Oak Ridge National Laboratory works 
closely with industry partners to advance AM technology (i.e., reduce costs, energy needs and 
emissions) and facilitate adoption by firms. In Europe, the Fraunhofer Institute for Laser 
Technology is a leading institution for enhancements of the accuracy and efficiency of the 
Selective Laser Melting technology, providing a much larger scope of metal-based industrial 
applications at lower cost. Recently, the Self-Assembly Technologies Lab at MIT draws large 
attention by incorporating a fourth dimension into AM by producing parts that are reactive to 
their environment and change their shapes over time in the usage stage (Pei, 2014). 
 
 
As AM technology is rapidly developing, its fields of application increase, too. Thereby, 
certain application fields are usually associated with one of the aforementioned process 
categories. 
 
 
2.2 Industry Overview and Applications 
Today, AM technology is much more than rapid prototyping: it is applied to a broad field such as 
the production of tools which are used in conventional manufacturing processes (rapid tooling). 
Meanwhile, rapid manufacturing, the direct digital production of end products, becomes increas-
ingly important. Indeed, market experts predict that by 2021, AM products and services will reach 
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a total market volume of US$10.8 billion
4
 (Wohlers, 2013), mainly driven by industrial and 
medical applications. Indeed, market expert Terry Wohlers forecasts that end products will 
account for 80% of the total AM production output by 2019 (Davidson, 2012). The market’s 
stunning growth of +20-30% annually since 2010 is assumed to persist in the next 5 years. 
Acquisition costs for industrial-grade AM systems usually involve between 100.000 EUR to 
800.000 EUR and more (Gebhardt, 2013). AM systems manufacturers stated in a survey, 
conducted by Wohlers (2013), that their main customers originate from the consumer 
products/electronics (22%), motor vehicles (19%), medical/dental (16%), industrial/business 
machines (13%), and aerospace (10%) industries (see Figure A.6). 
 
 
Figure A.6: Current distribution of customers for industrial-grade AM systems. (Cf. Wohlers, 2013, p. 19). 
 
Of these customers, AM systems are mainly used for manufacturing functional parts (28%), 
conduct fit and assembly testing of functional end use parts (18%), producing patterns for 
prototype tooling (11%) or patterns for metal castings (11%) (see Figure A.7). 
 
                                                 
4
 In more recent publications, experts revised their forecasts upwards. Wohlers Associates (2014) have just 
recently announced that total market volume of products and services is expected to grow beyond US$ 21 billion 
by 2020. 
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Figure A.7: Current distribution of application fields for industrial-grade AM systems. (Cf. Wohlers, 2013, p. 20). 
 
Today, the consumer market for AM in general, and the sales of personal 3D printers for 
home use in particular, are still a niche. In 2012, a mere of 35,500 units of personal 3D 
printers were sold (Wohlers, 2013). However, the price of personal 3D printers has declined 
significantly within the last 5 years, leading to a growth in the installed base of 50-400% 
annually (Wohlers, 2013). In addition to the growing installed base of personal 3D printers for 
home use, an accessible local AM infrastructure is in the upcoming. TechShops or FabLabs 
provide access to local AM technology, comparable to a copy shop around the corner. 
Therefore, one can expect that an increasing number of users will benefit from having direct 
access to local AM resources in the near future.  
 
Some market evidence for a growing maturity of the AM industry may arise from the 
emergence of dedicated investment funds replicating the 3D printing industry. Investment 
funds offer opportunities to participate in overall market development of the 3D printing 
industry. In these funds, usually a mix of public companies of the AM ecosystem is represent-
ed, including service providers as well as hardware and software producers. Figure A.8 
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illustrates the performance of a selected industry index (Solactive’s 3D Printing Index) 
between early 2013 until September 2014 that indicates both, a positive trend and high 
volatility in the industry. 
 
 
Figure A.8: Performance of Solactive’s 3D Printing Index. (Solactive, 2014). 
 
There are shared characteristics of AM that sets it apart from conventional manufacturing 
systems. AM’s specific characteristics which are frequently referred to include benefits in 
customizing parts at no cost penalties in manufacturing (i.e., no tooling required), producing 
more complex parts without a cost increase (i.e., fewer design-for-manufacture related 
restrictions), as well as higher manufacturing and supply chain flexibility (i.e., small set-up 
efforts, lot size of one possible due to no/low economies of scale, decentralized production) 
(Berman, 2012; Gebhardt, 2013; Gibson et al., 2010; Lipson & Kurman, 2013; Ponfoort et al., 
2014). These benefits open avenues for several applications across sectors as outlined in 
Table A.2 (see Ponfoort et al., 2014). In the aerospace sector, AM’s benefits of efficiently 
producing low volumes and its ability to manufacture complex designs for lightweight 
constructions are of particular interest. The same benefits make AM an interesting technology 
in the automotive sector. Solutions for on-demand spare part production with AM are 
currently being developed which could constitute a disruptive change in the automotive 
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aftermarket.
5
 For consumers, AM’s capability of enhancing customization features opens up 
new market opportunities. For defense, AM is an exciting technology for decentralized 
production of spare parts and it may also enable the production of enhanced equipment and 
gear in future. In the electronics industry, AM is already capable of printing out circuit boards 
and simple electronics—in future it is probable that it will be possible to directly produce 
more complex electronics with AM such as integrated circuits. The machines and tooling 
sector already applies AM for prototyping applications, spare parts and for molds/dies (rapid 
tooling). In future applications it will be further applied to direct manufacturing of complex 
parts, integrated assemblies and to enhance functionality of products. In the medical/dental 
sector, one can already find prostheses, implants and hearing aids that are manufactured with 
AM technology. In future applications, AM is likely to be applied for further applications 
such as living cells, organs and individualized drugs. 
 
 
Table A.2: Overview AM applications today and in future. (Cf. Ponfoort et al., 2014, p. 49). 
                                                 
5
 For example, the Belgian AM specialist, Materialise, currently works on a project to install a global network 
for on-demand spare part production in the automotive industry. 
Sector Examples of applications (today) Examples of applications (future)
Aerospace
Prototyping, complex low volume 
(spare) parts, lightweight 
constructions
Engine parts, spare parts, repairs
Automotive
Prototyping, high performance parts 
(i.e., race cars), lightweight 
constructions, spare parts
Complex low volume (spare) parts, 
personalized parts, sensors
Consumer
Customized products, gadgets/toys,
jewelry, art, furniture
Reverse engineering/scanning of 
(customized) products, end of life 
products (parts)
Defense Tools, spare parts (on location) Weapons, lightweight safety gear
Electronics
Printed circuit boards, simple 
electronics
(O)LEDs, integrated circuits, solar 
panels, micro devices
Machines 
and tooling
Prototyping, low volume (spare)
parts, molds/dies
Complex parts, assemblies, complex 
internal structures, enhancing 
functionality
Medical/ 
Dental
Prostheses, implants, hearing aids
Living cells, organs, veins, bone 
structures, individualized drugs
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As the variety of applications shows, AM offers large opportunities across sectors. Thereby, 
AM is more than a new system on the shop floor, it involves a whole ecosystem. 
 
 
2.3 AM Ecosystem 
Economic impacts of AM can hardly be assessed at a single user level. As coined by Jennifer 
Lawton (president at MakerBot), “3D printing is an ecosystem, not a device” (Conner, 2013). 
Though AM is a manufacturing technology, it needs to be considered in the context of digital 
value chain activities (Brody & Pureswaran, 2013; Rayna & Striukova, 2014). This is why the 
ecosystem encompasses activities along a combination of both a conventional manufacturing 
value chain and a digital value chain of content (product design) creation and distribution. 
Manufacturing value chains frequently include activities related to supply, R&D, production, 
distribution and the use of a final product (Rayport & Sviokla, 1995). Digital value chains 
differ in regard to its primary object of transactions: it is, by definition, information or digital 
content (Walters, 2012). AM’s capability of direct digital manufacturing is frequently 
highlighted—besides required raw materials, one would only need to upload the digital 
product design file to the AM system to start production (Berman, 2012; Lipson & Kurman, 
2013; Tuck, Hague, Ruffo, Ransley, & Adams, 2008). Thus, elements of a value chain for 
digital manufacturing would need to encompass elements such as software, policy (i.e., IP 
rights), online services, and 3D design marketplaces (Piller et al., 2015). 
 
While most innovation for the manufacturing value chain has been driven by large producers 
in a business-to-business (BtoB) setting, innovation in the digital value chain has been the 
result of a growing community of Makers that consists of i.e., hobbyists, private consumers, 
and small start-ups interesting in utilizing AM to locally manufacture objects for own use 
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(Piller et al., 2015). This community has been very active in developing 3D models, creating 
an infrastructure for sharing these models digitally in online repositories (e.g., Thingiverse or 
Google 3D Warehouse), selling 3D printed products on marketplaces, and even developing 
their own 3D printers for home usage (de Jong & de Bruijn, 2013; Gershenfeld, 2005; Lipson 
& Kurman, 2013). 
 
 
Figure A.9: AM ecosystem along value chain activities. (Piller et al., 2015, p. 41). 
 
In the following, main categories of the ecosystem (see Figure A.9) are described (see also 
Piller et al., 2015). Machines & systems: Machine manufacturer and systems engineers offer 
AM solutions for various applications (see previous sections). There is an ongoing consolida-
tion in the industry where the larger players such as 3D Systems or Stratasys have acquired a 
number of smaller players recently. For example, Stratasys acquired MakerBot, the 3D home 
printer manufacturer and operator of the Thingiverse platform, in 2013 (Stratasys, 2013). 
Materials: Chemical companies and material suppliers develop and distribute different base 
materials that can be used as input factors for AM processes as previously outlined. Large 
chemical companies such as BASF or Bayer are involved while also some smaller firms such 
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as Höganäs, TLS Technik, and Sandvik offer specialized materials. Design/Scanning: Product 
designers, scanning services, design sharing platforms, and product design marketplaces make 
printable, digital product designs available. Digital design repositories such as Thingiverse or 
design marketplaces as Shapeways are popular examples in the consumer world. Professional, 
industrial-grade services exist, too. For example, the Belgian company Materialise offers a 
variety of reverse engineering and scanning services for industrial uses. Devices for scanning 
existing objects are offered by e.g., NextEngine or MakerBot. Production: Either OEMs, 
contract manufacturer (e.g., CITIM), printing services (e.g., i.Materialise, Shapeways) or 
digital fabrication workshops (e.g., FabLabs, TechShops) use AM production systems for 
various applications—including rapid prototyping, rapid tooling or rapid manufacturing. 
Thereby, digital fabrication workshops and printing services can be of particular interest for 
consumers when occasionally printing out digital designs on a pay-by-use basis. Distribution: 
Besides OEMs, online marketplaces and printing services often distribute their parts via their 
proprietary channels. Logistics service provider would still be needed for the final delivery of 
products, as long as they are not produced on-site, respectively, at home. Consumption/Use: 
Use of AM systems and its related products and services can be observed both in an industrial 
as well as personal/home context. Even though manufacturing of industrial-grade end use 
parts in a BtoB context is a rather new phenomenon, it is supposed to be one of the main 
growth drivers for AM as outlined before. Moreover, a growing installed base of personal 3D 
printers and AM-based (online) offerings for i.e., individualized products lead to an increasing 
importance of AM technology for consumers. 
 
Further, certain cross-categories are part of the AM ecosystem. User innova-
tors/entrepreneurs & Makers: Single users and the community of Makers have become a 
driving force for developing AM-based business models, which also provide insight for large-
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scale industrial use of AM. Various businesses successfully emerged from this community. 
For example, the RepRap first started as an open-source project for personal 3D printers, but 
was further developed and commercialized with MakerBot. Software/IT: Software for 3D 
modelling applications but also for ensuring a smooth data transfer from a digital 3D design 
to a physical product at the point of use is a crucial element of the ecosystem. For example, 
Autodesk is a large software company for CAD solutions. Moreover, information technology 
(IT) solutions need to ensure that designs are secured in the digital deposits and the work-
flows while also a coherent IP rights management system would need to support further 
diffusion of digital product designs. Research & education: Research is an important element 
for further progress in AM technologies and their corresponding materials. Moreover, quality 
and testing standards are important to establish credibility and reproducibility of parts in 
particular for industrial applications. Further, education programs would need to train 
practitioners to fully leverage AM’s technological capabilities. Policy: Policymakers would 
need to agree upon international IP rights that protect proprietary product designs from being 
illegally copied. In particular when combining improved 3D scanning and reverse-engineering 
capabilities, AM poses severe risks to IP rights of product designs (Kurfess & Cass, 2014). 
Moreover, environmental aspects such as regulation of greenhouse gas emissions may 
influence the AM ecosystem (i.e., a decentralized production with AM may become beneficial 
to long-distance shipping of final parts in certain application fields).  
 
 
2.4 Excerpt: AM Technology from a User Innovation Perspective  
From an innovation management perspective, AM’s capability of reducing barriers for 
innovating users to turn their ideas into tangible products is of particular interest because it 
may constitute an avenue for new concepts of value creation (Piller et al., 2015). Convention-
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al barriers for accessing manufacturing resources diminish with increasingly more consumers 
getting relatively easy access to decentralized production resources (e.g., their own 3D 
printer, or a digital manufacturing workshop such as a FabLab or TechShop) with a standard-
ized interface, a product’s 3D design data. This may lead to a shift in value creation activities 
and revenue streams. Rather than selling finished products, firms may concentrate their value-
adding activities on offering digital product designs while production occurs locally at the 
consumer’s premises or digital manufacturing workshops close by. More radically, it is likely 
that a certain group of customers directly benefits from relatively inexpensive access to local 
manufacturing resources: so-called “lead users” (von Hippel, 2005) are enabled (i) to develop 
important innovations more easily and turn them into physical products (“user manufactur-
ing”) and (ii) to commercialize their product innovations (“user entrepreneurs”) with the help 
of AM technology (Piller et al., 2015). 
Historically, manufacturing has been referred to as the “missing link” in user innovation 
(Skinner, 1969). Many users lacked access to manufacturing resources and corresponding 
capabilities to transform their innovations beyond simple prototypes into physical products of 
industrial-grade quality. Hence, users often freely revealed their innovations to manufacturers 
(Harhoff, Henkel, & von Hippel, 2003). Manufactures, in turn, benefited from fulfilling the 
manufacturing task of the user invention by selling the products through their distribution 
channels. This required (i) the availability and willingness of a manufacturer to promote a 
user innovation and (ii) the possibility and willingness of users to reveal their inventions. 
Now, with AM technology users get access to (local) manufacturing resources which enable 
them to independently produce smaller series of end use products; turning user innovators 
into “user manufacturers” (Piller et al., 2015). 
Research highlighted that innovating users frequently commercialize their innovations (Shah, 
Winston Smith, & Reedy, 2012). Thus, user entrepreneurship refers to the commercialization 
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of a new product/service by an individual or group of individuals who is also the innovating 
user of it (Shah & Tripsas, 2007). AM facilitates commercialization of innovations because 
the access to (local) AM technology allows user innovators to develop and produce new 
products independently from large producers. Thereby, user entrepreneurs may have a better 
knowledge of local customer demand than large manufacturers which enables them to better 
tailor products to local needs (Kleer & Piller, 2013). In particular, in markets that are charac-
terized by high demand heterogeneity, local user entrepreneurs could install a competitive 
advantage against larger firms. The offering of a superior product fit may outweigh potential 
disadvantages in manufacturing costs which are due to low economies of scale (Piller et al., 
2015). 
 
 
Having outlined AM’s characteristics and its industry landscape from the perspectives of 
producers and users, the next section focuses on the customer’s perspective. It discusses how 
perceived product value could be increased when enhancing customization offerings with the 
additional design freedom available with AM technology. 
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3 Product Demand Heterogeneity & Approaches to Customization 
As one major benefit, AM enables customization of products without cost penalties in 
manufacturing. At the same time, customized products are increasingly demanded. Thus, AM 
offers firms new opportunities for their customization strategies. This is why AM is discussed 
in the context of MC as a technological enabler of a full customization approach. 
 
3.1 The Long Tail of Product Demand 
Anderson (2006) first coined the term “long tail” referring to the distribution of product 
demand that increasingly shifts from a limited number of mainstream products and markets 
(“hits”) to a much larger number of niche offerings. This is the result of customers who more 
and more ask for products tailored to their individual needs leading to a longer tail in the 
distribution of sales (Brynjolfsson, Hu, & Simester, 2011; Brynjolfsson, Hu, & Smith, 2006). 
This phenomenon has been observed in different markets. For example, the offering of books 
at Amazon that are not available in conventional brick-and-mortar stores has significantly 
grown between 2000 and 2008, accounting for 37% of Amazon’s sales in 2008 which is five 
times higher than in 2000 (Brynjolfsson, Hu, & Smith, 2010).
6
 Also in the media business for 
movies and music similar phenomena could be observed (Elberse, 2008).
7
 This change in 
product demand patterns is illustrated in Figure A.10 and represented by the shift in the 
product demand curve which flattens the long tail—thus, more niche products will be 
                                                 
6
 It is likely that the share of books which is not available at brick-and-mortar stores even increased due to 
increased availability and consumption of e-books as well as print-on-demand technology for books over the last 
years (C. C. Miller & Bosman, 2011). 
7
 Nonetheless, Elberse (2008) also points out that producers and retailers should not radically change their 
strategy serving niche products only as long as they have capabilities to successfully cater “blockbuster” sales. 
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demanded. Ultimately, the markets for niche products is supposed to exceed the one for hits 
(Anderson, 2006). 
 
 
Figure A.10: Long tail of product demand. (Adopted from Elberse, 2008). 
 
Brynjolfsson (2006) proposes certain demand and supply factors which drive these effects. 
Demand side drivers lead to a reduction of search costs for customers; so they can more easily 
explore and find their favorite niche product in the long tail. The reduction of search costs is a 
result of advanced search and recommendation tools in online shopping environments 
(Brynjolfsson et al., 2011). Thereby, information and communication technology (ICT) has 
often been referred to as a key enabler (Anderson, 2006; Brynjolfsson et al., 2006; Elberse, 
2008; Kumar, 2007). Drivers on the supply side include reduced inventory storage and 
distribution expenses. The reduction of costs is due to the adoption of online commerce 
(rather than brick-and-mortar stores), make-to-order production (rather than make-to-stock), 
and delivery of digital content (rather than physical distribution of products) (Brynjolfsson et 
al., 2011, 2006). Now, the advent of AM is likely to fuel the supply-side factor when fulfill-
ment of customized product offerings is facilitated with enhanced manufacturing flexibility 
and costless customization in manufacturing. 
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3.2 Why Customers Demand Customized Products 
From a customer’s perspective, it is argued that a better fit between individual preferences and 
the product offering increases benefits for the customer (Simonson, 2005). However, true 
individual preferences are often unknown or differ from expressed ones (Franke, Keinz, & 
Steger, 2009; Simonson, 2005). Therefore, information on individual preferences is frequently 
“sticky”. It is costly to transfer it from customers to producers (von Hippel, 1994). Thereby, 
product configuration toolkits are interaction systems that help customers to explore and 
reveal their preferences. Toolkits are a rather inexpensive solution (compared to individual 
advice) by directly involving customers in co-designing their individual product that best 
meets their needs (von Hippel, 2005).
8
 
 
Customization of products creates value for customers if hedonic and ulitiarian benefits 
outweigh acquisition, search and evolution costs (Ihl, 2009). Customers’ perceived product 
value consists of hedonic and utilitarian benefits they attribute to the (customized) product. It 
has been shown in the MC research that customization of products can increase product value 
and, thus, WTP (Franke & Piller, 2004; Franke, Schreier, & Kaiser, 2010; Merle, Chandon, 
Roux, & Alizon, 2010; Schreier, 2006). The increase in perceived product value is a result of 
individual benefits which can be either product or process-related. In each of these dimen-
sions benefits can be both, of utilitarian and hedonic nature. The MC research regularly uses 
                                                 
8
 These toolkits are particularly required in online customization applications; popular examples exist in the shoe 
industry such as e.g., miAdidas (www.miAdidas.com) or NikeID (www.nike.com/NIKEiD) where customers 
can create their personalized shoes. Further, there are already several online offerings which use toolkits with 
enhanced customization features to co-design individual products that are produced with AM technology such as 
e.g., individualized medals, trophies and jewelry (www.twikit.com), or customizable décor and houseware 
products (dedicated customization apps on www.shapeways.com). 
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specific scales to address these dimensions as illustrated in Figure A.11 (Franke & Schreier, 
2010; Franke et al., 2010; Ihl, 2009; Merle et al., 2010). 
 
 
Figure A.11: Dimensions of perceived product value. (Adapted from Ihl, 2009, p. 32). 
 
The question persists what customization options can be offered. Piller (2004, p. 316) 
suggests three generic dimensions for customization: (i) fit, (ii) functionality and (iii) style. 
While the latter refers to the aesthetic appeal of a product (e.g., color, design elements/shapes), 
functionality describes the product’s utilitarian function from the customer’s point of view. 
Fit refers to the customer-specific requirements toward the physical dimensions of the product.  
 
The value of a product is described as a measure of its worth in a specific social context 
(Baldwin & Clark, 2000). Thereby, perceived product value refers to the value expected by a 
customer before the actual use of the product (Rindova & Petkova, 2007). Generally, value 
can be increased when offering unique benefits to the customer (Porter, 2008). Scholars have 
highlighted that both, product and process-related factors have positive effects on perceived 
product value of customized products. Offering customizable products can lead to significant 
value increases compared to standard product offerings (Franke & Piller, 2004; Franke et al., 
2010; Merle et al., 2010; Schreier, 2006). Thereby, WTP is frequently used as a measure to 
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quantify a customer’s perceived product value. WTP also incorporates the (expected) 
acquisition costs associated with the product’s purchase (Simonson & Drolet, 2004). Besides 
increased product value, transactions frequently become more probable when consumers are 
able to express their personal preferences in tailored products (Bertini & Wathieu, 2012; 
Gilmore & Pine, 1996; Pine, 1999; Pine, Peppers, & Rogers, 1995). 
 
Product customization can be the source of competitive advantage and value creation by 
potentially increasing product utility for the customer. But it often increases acquisition as 
well as search and evaluation costs for customers—therefore, the net effect of value creation 
is to be assessed (Harzer, 2013; Ihl, 2009). Confronting customers with a higher product 
variety may lead to a more complex purchase decision, leading to cognitive costs that may 
outweigh benefits from customization (Franke & Piller, 2004; Huffman & Kahn, 1998; 
Steiner, 2014). As coined by Pine (in Teresko, 1994), customization may lead to “mass 
confusion”. Various scholars argue that customers might be overwhelmed or demotivated 
when customization becomes too complex (Bertini & Wathieu, 2012; Dellaert & Stremersch, 
2005). Moreover, customers often do not exactly know their preferences or face issues in 
accurately articulating them (Randall, Terwiesch, & Ulrich, 2007; Simonson, 2005).
9
 As a 
result, customers can get confused when customizing their products in a co-design activity; 
high efforts/cognitive costs are perceived, potentially resulting in a negative net value effect. 
Customers with low product involvement frequently show less willingness to engage in 
buying activities that require comprehensive problem-solving efforts (Schiffman, Hansen, & 
Kanuk, 2008). These problem-solving efforts would be particularly required in co-designing a 
                                                 
9
 In customization activities, customers need to be supported in identifying suitable solutions, while minimizing 
complexity and burden of choice (Salvador, De Holan, & Piller, 2009). Scholars argue that “mass confusion” can 
be avoided when customers are adequately supported during the customization process with e.g., easy-to-use 
toolkits, help functions, and recommender systems (Franke, Keinz, & Schreier, 2008; Huffman & Kahn, 1998). 
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customized product. Thus, it is argued that co-design activities require a high level of 
customer involvement in order to create a positive value (Lee & Chang, 2011). 
 
 
3.3 Fulfilling Demand Heterogeneity with Customization Strategies 
Traditionally, producers concentrated on serving the head of the demand curve which is the 
range of products that are characterized by high volume sales (hits). This is purely rationale in 
a business environment characterized by stable and homogeneous demand while being 
equipped with rather inflexible manufacturing systems. Thus, firms strived for economies of 
scale in mass production by primarily concentrating on serving mass markets, producing large 
volumes of standardized hits. In practice you could observe this phenomenon throughout the 
early days of industrialized manufacturing processes. Henry Ford’s famous quote “my 
customers can have any color they want as long as it is black” (Fisher, Jain, & MacDuffie, 
1995, p. 116), describes the producer’s strategy in a mass production context. When serving 
homogeneous markets, firms align their product portfolios to serve a maximum amount of 
customers characterized by common needs (Piller, 2004; Salvador, De Holan, & Piller, 2009; 
Steiner, 2014). Thus, most market research methods aim at finding commonalities among 
target groups and identify the best ‘average’ customer to best align their product offering (von 
Hippel & Katz, 2002). 
 
Today, there is growing demand for customized (niche) products with the shift of product 
demand that flattens the long tail as described before. Thus, firms need to find appropriate 
strategies to cope with this shift in product demand. Thereby, customization is often referred 
to as a business strategy that efficiently addresses the long tail and creates competitive 
advantage for a firm in differentiated markets (Kumar, 2007). Thus, practitioners need to 
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design their customization offering so it best fulfills diversified customer needs (Piller, 2004). 
This task is called solution space development; generically defined as “the ability to identify 
the product attributes along which customer needs diverge” (Salvador et al., 2009, p. 73). 
However, technical feasibility needs to be considered. Thus, solution space design is con-
strained by the capabilities of a firm’s production system which limits customers’ freedom of 
choice in customization offerings (von Hippel, 2001). Firms need to decide whether to base 
their customization offering on a modular (discrete options) or a continuous (continuum of 
options) approach (Steiner, 2014). 
 
With conventional manufacturing systems, customizers strive to realize economies of scale 
for each of the product’s modules. Consequently, customization is frequently limited to a 
predefined set of options usually based on a modular product architecture in MC offerings (M. 
M. Tseng & Jiao, 2001; von Hippel, 2001).
10
 Piller (2004, p. 315) defines MC
11
 as the “[…] 
customer co-design process of products and services, which meet the needs of each individual 
customer with regard to certain product features. All operations are performed within a fixed 
solution space, characterized by stable but still flexible and responsive processes.” Co-design 
describes the integration of customers into value creation by enabling them to directly 
                                                 
10
 Conventional MC installs customization by allowing customers to choose from distinct choices of certain 
modules within a product’s bill of material (BOM) (Fogliatto, da Silveira, & Borenstein, 2012). Thereby, each 
module is typically manufactured with mass production efficiency relying on conventional manufacturing 
technology in a modular product architecture (Baldwin & Clark, 2000; Fisher, Jain, & MacDuffie, 1995; M. M. 
Tseng & Jiao, 2001). This results in a pre-defined set of options for the customers or, in other words, the solution 
space consists of distinct product variants (Tuck, Hague, Ruffo, Ransley, & Adams, 2008). 
11
 Yet, no universal definition of MC has been established in spite of more than two decades of academic 
research (Harzer, 2013). The term “mass customization” was originally coined by Davis (1987) in his book 
“Future Perfect” in which he referred to it when “[…] the same large number of customers can be reached as in 
mass markets of the industrial economy, and simultaneously they can be treated individually as in the customized 
markets of pre-industrial economies”. 
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configure individual solutions, often supported by dedicated toolkits (Piller, Schubert, Koch, 
& Möslein, 2005; Schreier, 2006; von Hippel, 2001). Co-design is a collaborative process 
with interactions between firms and their customers; thus, a high level of customer involve-
ment is frequently required (Lee & Chang, 2011). It has been shown that MC is an effective 
strategy to offer highly customized niche products at “[…] near mass production efficiency” 
(M. M. Tseng & Jiao, 2001, p. 685). In summary, MC definitions are mostly centered on the 
customers and the satisfaction of their individual needs while striving for efficiency in solving 
the complexity of a higher product variety. As a key technological pillar for excelling in 
customization offerings, flexible manufacturing systems supplemented with supportive 
information systems enable firms to be more responsive to changes in demand and to tailor 
production to customers’ needs (Kumar, 2007; MacCarthy, Brabazon, & Bramham, 2003; 
Piller, 2004). 
 
Now with AM technology, a continuous adjustment of product attributes becomes economi-
cally feasible (without involving handcraft), breaking with limitations of conventional 
manufacturing technology (Berman, 2012; ElMaraghy et al., 2013). Thus, “true design 
freedom” can eventually be offered to customers (von Hippel, 2001, p. 248). Thus, AM 
enhances conventional MC to a “true”, or “full customization approach for the individual” 
(Atzeni & Salmi, 2012; Fogliatto, da Silveira, & Borenstein, 2012; Tuck et al., 2008). By 
enabling a continuous adjustment of product design attributes, a product’s solution space 
eventually offers an infinite number of product variants. Besides AM’s implications on 
solution space design, another strategic capability
12
 of customizers is affected by this technol-
                                                 
12
 Salvador, De Holan, & Piller (2009) define three capabilities that firms need to successfully implement MC 
strategies. (i) solution space development: identification of those product attributes where customer demand 
diverges, (ii) robust process design: alignment of organizational and value-chain resources to offer customized 
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ogy. Firms can enhance their capabilities in robust process design when AM technology is 
integrated in a make-to-order manufacturing system. Robust process design describes a firm’s 
capability to efficiently use its resources to fulfill heterogeneous and variable customer 
requirements (Harzer, 2013; Salvador et al., 2009; Steiner, 2014). This capability requires 
flexibility across a firm’s value chain; it can be achieved by postponing forecast-driven 
activities towards order-driven production (MacCarthy et al., 2003). The adoption of AM 
technology could largely extend manufacturing flexibility capabilities as argued before. 
 
 
Figure A.12: Conceptual comparison between product offerings of mass producers, mass customizers & “full customizers”. 
 
The example in Figure A.12 illustrates the effect of AM technology on a product’s available 
solution space when it is used to enhance MC to a full customization approach by showing a 
product with two attributes (without loss of generality). The inner circle would describe 
highest demand for certain combinations of the two attributes, demand decreases towards the 
outer circles. Firstly, a mass-produced standard product would be offered in a configuration to 
target the highest product demand level (hits). Secondly, a conventional MC approach would 
offer distinct product variants by offering modular choices along each attribute. Thirdly, AM 
enables continuously customizable products which can be steplessly adjusted along the two 
                                                                                                                                                        
products meeting customers’ needs, and (iii) choice navigation: support of customers in easily finding their best-
fitting customized offering. 
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attributes (within a minimum and maximum threshold) ultimately leading to infinite product 
variety of a full customizer. With a continuous adjustment of product attributes, customers 
would need to accept fewer compromises. As a result, individual needs of the customers could 
be better met, potentially resulting in higher perceived product value (Abdelkafi, 2008; 
Hermans, 2012; Schreier, 2006). 
 
 
Having outlined practical and theoretical background of the research field, the next section 
presents guiding research questions and provides summaries of the corresponding research 
papers. 
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4 Research Questions and Corresponding Research Papers 
In this section, guiding research questions are outlined and the corresponding research papers 
of Part B in this thesis are summarized.  
 
4.1 Research Questions and Research Paper Overview 
This thesis investigates the phenomenon of AM as a source of new capabilities in “modern 
manufacturing” (Milgrom & Roberts, 1990, 1995) from different perspectives. As this thesis 
aims to portray AM technology’s implications from different perspectives, involving different 
literature streams, a single research methodology across all research papers would not support 
this initial goal. This is why this thesis and the corresponding research papers embody a 
mixed-method research approach (Johnson & Onwuegbuzie, 2004) in which quantitative and 
qualitative analyses are combined to derive results. By combining literature reviews, qualita-
tive assessments and empirical-quantitative data, evidence derived throughout this thesis is 
grounded on a broad set of sources. Thereby, the primary goal of combining different 
methods was of complementary nature in order to “[…] measure overlapping but also 
different facets of a phenomenon, yielding an enriched, elaborated understanding of that 
phenomenon” (J. C. Greene, Caracelli, & Graham, 1989, p. 258). The mixed-method 
approach is applied to evaluate a number of different research questions. Thereby, this thesis 
is motivated by some overarching research questions which are further complemented with 
specific sub-questions that guide the content of each research paper. 
 
Thus, following overarching research questions are in focus of this thesis: 
 What are AM technology’s characteristics that influence value creation activities of 
firms and economic interactions between firms and individuals? 
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 How can firms and individuals benefit from AM technology’s capabilities?  
 What economic theories are suitable to assess the implications of AM technology for 
theory development and managerial practice?  
 How can we empirically measure value creation  implications of AM technology from 
a consumer's perspective? 
 
This is why, in the first research paper “Economic Implications of 3D Printing: Market 
Structure Models in Light of Additive Manufacturing Revisited” the key characteristics of AM 
technologies are outlined. These key characteristics are further used to adjust underlying 
assumptions of established economic models in order to investigate effects at a single firm 
level and overall market structure. Thereby, AM’s opportunities and limitations from both, a 
technological and an economic perspective are identified. Further, this research paper gives an 
overview of relevant avenues for future research by proposing seven propositions. Applied 
research methods are diverse; they include a comprehensive literature review, an analysis of 
extant analytical economic models, and their adoption with revised production costs-related 
assumptions that are true for AM. In particular, the following specific research questions were 
investigated in Research Paper I: 
 What are AM’s technological and economic characteristics? 
 How do these characteristics translate into key principles relevant to manufacturing 
firms? 
 What are potential effects on a firm’s payoff function when applying these key princi-
ples? 
 What are potential effects on market structure when these key principles impact under-
lying assumptions of established economic market models? 
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The performance implications of AM are investigated from a consumer’s perspective in 
Research Papers II and III. Thus, in the second research paper “The Value of Higher Co-
Design Freedom: Product Customization with 3D Printing”, one specific capability of AM 
technology is evaluated in detail by looking at value creation potentials of enhanced product 
customization available with AM. This research paper tries to identify a value increment of 
higher co-design freedom when enlarging a product’s solution space from a modular choice to 
a continuous adjustment of attributes (full customization) from a consumer’s perspective. In 
order to derive the results, different research methods were applied that included a literature 
review, an expert workshop, large online survey with consumers and a real consumer 
experiment in a laboratory environment. In particular, the following specific research 
questions were investigated in Research Paper II: 
 How can product customization be enhanced with AM technology and how does it 
conceptually compare to conventional MC offerings? 
 Is there a value increment for higher co-design freedom when enhancing customiza-
tion with AM? 
 What are underlying drivers that explain perceived product value for the customization 
offerings? 
 Are there different outcomes when using hypothetical or actual (binding) WTP 
measures? 
 
The third research paper “Product Customization with 3D Printing: Perceived Product Value 
and Its Drivers”, tries to confirm results of the second research paper by portraying another 
product category of consumer products. Thus, AM technology’s enhanced customization 
capabilities are in focus, too. Further, it investigates whether there are differences in perceived 
product value for either style or fit-related customization options for consumers. Moreover, a 
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potential novelty effect of AM technology is assessed while consumers’ characteristics with 
their effects on perceived product value are controlled for. Applied research methods include 
a literature review, an expert workshop, and two large-scale online consumer surveys. The 
following specific research questions were investigated in Research Paper III: 
 Is there a value increment for higher co-design freedom when enhancing customiza-
tion with AM? 
 What are underlying drivers that explain perceived product value for customized 
products? 
 Are there differences in perceived product value and its drivers when focusing on the 
customization of either style or fit-related product attributes? 
 What is the influence of consumers’ characteristics on perceived product value? 
 Is there a novelty effect for AM technology that positively influences perceived prod-
uct value? 
 
No. Title Research question (focus) Applied research methods Type 
I 
Economic Implications of 3D 
Printing: Market Structure 
Models in Light of Additive 
Manufacturing Revisited 
What is AM’s impact on a firm’s 
payoff function and on market 
structure? 
Literature review, analysis of 
extant analytical economic models, 
and the adoption and discussion of 
analytical economic models 
Conceptual 
II 
The Value of Higher Co-Design 
Freedom: Product Customization 
with 3D Printing 
Is there a value increment of higher 
co-design freedom when enhancing 
customization with AM? (Espresso 
cups) 
Literature review, expert 
workshop, online survey with 
consumers. real experiment in a 
laboratory environment 
Empirical 
III 
Product Customization with 3D 
Printing: Perceived Product 
Value and Its Drivers 
Is there a value increment of higher 
co-design freedom when enhancing 
customization with AM and how 
does it differ between style and fit-
related customization? (Kitchen 
knives) 
Literature review, expert 
workshop, online survey with 
consumers 
Empirical 
Table A.3: Overview research papers. 
 
Having outlined the thesis’ overarching and each research paper’s specific research questions, 
the next section summarizes the main results of the three research papers in Part B. 
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4.2 Summaries of the Research Papers 
In the following, summaries of Research Papers I-III are outlined.  
 
4.2.1 Research Paper I: “Economic Implications of 3D Printing: Market Structure 
Models in Light of Additive Manufacturing Revisited” 
Research has shown that technological innovation affect firms and market structure (Geroski 
& Pomroy, 1990; Khanna, 1995; Mills & Schumann, 1985; Vickers, 1986). In particular, the 
adoption of flexible manufacturing systems (FMS) has demonstrated large implications for 
manufacturers and market structure (e.g., Sethi & Sethi, 1990; Womack, Jones, & Roos, 
1991). Now, the emergence of AM has recently been referred to as the spark of a new 
industrial revolution. The technology offers benefits in flexibly producing customized 
products at no cost penalty in manufacturing because neither tools nor molds are required. 
Moreover, AM enables the production of complex and integrated functional designs in a one-
step process, reducing the need for assembly work. Given these new manufacturing cost 
paradigms, we discuss the impact of AM technology at both, the firm and industry level. 
From a production economics perspective, we discuss implications on a firm’s payoff 
function and potential market structure effects. 
We first identify the economic and technological characteristics of AM and highlight four key 
principles relevant to manufacturers at the firm level. Next, we critically assess effects of AM 
at the industry level by analyzing the validity of production costs-related assumptions in 
established economic market models when these four principles of AM technology apply. 
Doing so, we derive a set of seven propositions providing an impetus for future research. In 
particular, we propose that a monopolist that adopts AM can increase profits by capturing 
consumer surplus when flexibly producing customized products. In competitive markets, 
competition is spurred as AM may lower barriers to market entry and offers the ability to 
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serve multiple markets at once. This should ultimately result in lower prices for consumers. 
More generally, our analysis allows us to point out markets where AM technology may be 
adopted first: markets with overall lower economies of scale. Markets for AM could hence be 
characterized by four patterns: (i) small production output, (ii) high product complexity, (iii) 
high demand for customized products tailored to individual customers’ needs, and (iv) 
spatially remote demand for products. 
 
Hence, we can emphasize following research highlights. Research Paper I … 
 analyzes AM technology from a production economics perspective and identifies key 
principles relevant to manufacturing firms,  
 discusses potential effects of AM on the basis of established economic models at firm 
and industry level,  
 establishes seven testable propositions regarding the economic potentials of AM, and 
 outlines managerial implications by providing an overview of main opportunities, 
limitations and applications related to AM technology. 
 
4.2.2 Research Paper II: “The Value of Higher Co-Design Freedom: Product Customi-
zation with 3D Printing” 
Recently, it has been highlighted that AM technology enables new opportunities in product 
customization because (i) fewer design restrictions are involved by building objects layer 
upon layer and (ii) customization does not cause cost penalties in manufacturing. This is why 
AM allows to efficiently install a “full customization” offering with continuous (stepless) 
adjustments of product attributes. To analyze if this full customization approach is a source of 
value creation, we compared it to conventional (modular) MC offerings and assessed consum-
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ers’ perceived product value in two studies. We further identified drivers of perceived product 
value.  
In Study 1, we assessed the value increment of enhanced customization in a simulated online 
buying process of a customizable espresso cup. In Study 2, we again let consumers state their 
perceived product value for an espresso cup with different degrees customizability but in a 
real experimental setup with a binding WTP measure (lottery). We found that full customiza-
tion leads to a significant value upside in Studies 1 and 2. When steplessly adjusting product 
attributes, WTP was between 50-68% higher than the conventional MC offerings at an 
aggregated level. We could identify the driver of “perceived co-design freedom” that ex-
plained (part) of this value increment. Moreover, we found that participants’ characteristics 
largely influenced WTP. Further, we deduct theoretical as well as managerial implications 
and outline future research directions. 
 
Hence, we can emphasize following research highlights. Research Paper II … 
 contextualizes AM technology in the MC literature, 
 conceptualizes a “full customization” approach enabled by AM technology, 
 stringently derives testable hypotheses from existing MC theory,  
 substantiates AM technology’s assessment by empirically testing its value creation 
potential both in an online survey and a real experiment in a laboratory environment, 
 enriches MC theory by identifying a new value driver of customization offerings 
(“perceived co-design freedom”), and 
 states clear practical implications on how to enhance customization offerings with 
AM. 
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4.2.3 Research Paper III: “Product Customization with 3D Printing: Perceived Product 
Value and Its Drivers” 
AM enables enhanced product customization because higher product design freedom is 
available while customization does not cause cost penalties in manufacturing. Thus, customi-
zation with continuous (stepless) adjustments of product attributes becomes feasible. To 
assess the value creation potential of this enhanced product customizability, we empirically 
evaluated consumers’ perceived product value for continuously adjustable product designs 
(“full customization” approach) and compared it to conventional MC offerings (modular 
choice of product attributes). We did so by portraying a simulated online buying process of a 
customizable ceramic knife. In Study 1, we assessed the value of customizing style-
related/aesthetic product design parameters; while fit-related parameters were in focus of 
Study 2. 
When consumers could customize aesthetic attributes in Study 1, we found that differences in 
perceived product value were insignificant. Contrarily, when consumers customized fit-
related attributes in Study 2, there was a significant value upside for full customization. We 
revealed that both, product involvement and attitude toward customization influenced WTP 
positively and identified different value drivers for the customization offerings. We also tested 
for a novelty effect for which we could not find support. Lastly, this article presents theoreti-
cal as well as managerial implications for enhanced customization with AM and outlines 
future research directions. 
 
Hence, we can emphasize following research highlights. Research Paper III … 
 contextualizes AM technology in the MC literature, 
 conceptualizes a “full customization” approach enabled by AM technology, 
 stringently derives testable hypotheses from existing MC theory,  
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 tries to confirm empirical findings of Research Paper II by empirically testing AM 
technology’s value creation potential, 
 differentiates between style and fit-related value creation potentials of AM, and  
 states clear practical implications on how to enhance customization offerings with 
AM. 
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5 Discussion and Conclusion 
As business practitioners, policymakers and academia are confronted with the phenomenon of 
AM technology, this thesis sheds light on its theoretical and practical implications. In this 
section, theoretical and managerial contributions are outlined while an overall conclusion of 
the dissertation project is given at the end. 
 
5.1 Theoretical Implications 
With the research presented in this thesis, evidence for the economic implications of AM 
technology is provided. As being extensively discussed throughout media, many people’s 
fantasy is fueled with a rather exaggerated view on the technology’s capabilities and its 
influence on everyday life. This is why evidence is carefully collected in broad literature 
reviews while the technology’s performance potentials are empirically evaluated. On the basis 
of this comprehensive assessment, the observed phenomena related to AM technology are 
contextualized in existing economic and business management theory. 
From a production economics perspective, we could apply AM as a new source of modern 
manufacturing to extant economic models. Thereby, we contextualized AM technology’s 
characteristics at two different levels: (i) a single monopolist, and (ii) under competition. In 
doing so, we could highlight its potential to increase a monopolist’s profits when offering 
(highly) customized products at a price premium. Furthermore, in a competitive setting, 
market structure is affected when incumbents or entrants are equipped with superior flexibil-
ity through AM technology. As a result, markets may become more concentrated while 
competition is spurred at the same time (due to inter-segment competition). Meanwhile, 
customers benefit from a larger product variety. In summary, seven propositions are formulat-
ed functioning as an impetus for future research activities in this domain. Moreover, we 
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highlight the importance of re-assessing extant economic models when fundamental produc-
tion costs-related assumptions are revised due to new opportunities available with AM 
technology. 
One of the propositions outlined in Research Paper I, was elaborated in detail throughout 
Research Papers II and III. Here, we assessed whether or not, we can identify a value creation 
potential when offering highly customized products on the basis of large-scale online 
consumer surveys and a real consumer experiment. This is why AM technology is further 
contextualized within the theories of MC and the long tail of product demand. Thereby, 
theoretic contributions relate to the conceptual work in framing AM technology’s capability 
of stepless customization into the MC literature as an approach for “full” or “true customiza-
tion”. By comparing WTP and its underlying drivers for standard products, conventional MC 
offerings and full customization approaches with one another, we could enrich MC theory 
with empirical evidence of this new phenomenon. Further, we were able to identify a new 
value driver of customization; the driver of “perceived co-design freedom” largely influenced 
how consumers valued customization offerings. In Research Paper II we could identify the 
persistence of the perceived co-design freedom in a real consumer experiment with a binding 
WTP measure. 
 
Beyond these implications which are directly derived from the research papers, this research 
project contributes to an economic assessment of AM technology from a broader perspective. 
Thereby, the fundamental question of what economic value this new manufacturing technolo-
gy incorporates is discussed from different perspectives. Thus, we see that it is more than a 
sole manufacturing technology and it affects more than the processing and production of 
parts. As thoroughly discussed throughout Research Papers I-III, AM is an exciting technolo-
gy for practitioners to address unfulfilled heterogeneity in demand (“long tail”) with full 
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customization offerings. Thereby, capabilities would need to be managed in a firm’s organiza-
tion in order to coordinate systemic interdependencies across functions (i.e., marketing, 
production, logistics) to fully exploit the opportunities of AM as a source of “modern 
manufacturing” in line with Milgrom & Roberts (1990, 1995). Thereby one challenging task 
will be to convert the product design freedom available with AM into additional value by 
defining the product’s solution space and by supporting customers to efficiently navigate 
through it. This research project contributes to an initial assessment; further work would need 
to proceed with this discussion. 
Beyond firm level, AM involves a whole “innovation ecosystem” with players along a 
combination of both, a conventional physical and a digital value chain. Thereby, barriers for 
innovating (lead) users to launch innovations on markets diminish because the formerly 
missing link of manufacturing now becomes easily accessible with AM resources at a 
customer’s home (i.e., personal 3D printer), nearby (i.e., FabLabs, TechShops), or accessible 
online (i.e., online printing services). Exploring conditions under which innovation is fostered 
in this ecosystem calls for an interdisciplinary research approach. Thereby, this thesis 
contributes to an initial understanding. 
 
 
5.2 Managerial Implications 
Numerous managerial implications arise from this dissertation project. Since AM technology 
is a fairly new manufacturing technology in an industrial as well as consumer home context, 
this dissertation contributes to a collection of facts that inform managerial decisions. 
In particular, a firm’s trade-off for investing in AM technology is enriched with evidence 
concerning implications for the cost as well as revenue side. In Research Paper I, we thor-
oughly assessed potential implications on a firm’s payoff function when investing in AM 
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technology. Further, strategic rationales for the investment decisions are outlined in a 
competitive setting. Thus, we could highlight that prospective market entrants having invested 
in AM technology possess superior flexibility which eventually enables them to offer specific 
products tailored to individual customers’ needs. This in turn, aggravates market entry 
deterrence by incumbents that rely on conventional (flexible) manufacturing technology. In 
summary, we could derive patterns of market settings in which AM best unfolds its benefits 
of costless individualization, flexibility and complexity. Thus we can point out markets with 
overall lower economies of scale to be the ones in which AM will probably be adopted first. 
Markets for AM could hence be characterized by four patterns. (i) Small production output, as 
typical for prototyping applications, and many industrial components, or special spare parts 
for older product families still in use. (ii) High product complexity, as typical for lightweight 
constructions in the aerospace or performance car industries (AM allows topology optimiza-
tion with mesh/lattice structures of parts that provide the same performance while largely 
reducing weight/material usage), but also for product designs where current production 
technologies like molding or milling cannot provide complicated internal structures such as 
e.g., cooling chambers. (iii) High demand for product customization tailored to individual 
customers’ needs, as typical for many medical or dental applications (e.g., implants, prosthe-
ses) but also several consumer markets (e.g., jewelry, sport performance, houseware). And 
(iv) spatially remote demand for products, for example the decentralized production of 
replacement parts in the mining industry or on exploitation platforms of the oil industry. 
In Research Papers II and III we concentrated on pattern (iii) and assessed whether or not 
there is a value creation potential for highly customized products (“full customization”) when 
comparing it to standard products and conventional (modular) MC offerings. The underlying 
studies gave the empirical evidence on how to maximize perceived product value from a 
consumer’s perspective. Practitioners would need to carefully decide on several parameters of 
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the solution space design in order to maximize value. First, target customer segments (niches) 
would need to be identified. Then, full customizers would need to carefully choose the 
customizable products, the type of customizable attributes (i.e., style vs. fit) and the specific 
continuous customization options. Our empirical results highlight, that targeting at specific 
customer segments enables additional value upsides of 50-90% as revealed in Research 
Papers II and III. In particular, customers that are characterized by high product involvement 
and a positive attitude towards customization showed highest value upside potentials. As 
suggested in Research Paper I, AM would enable an enhanced segmentation strategy in which 
rather small niche markets that best value the additionally offered co-design freedom could be 
served. These niche markets are characterized by low economies of scale; thus, AM technolo-
gy is likely to be beneficial compared to conventional manufacturing technology. Further, we 
could highlight that the value increment for full customization (vs. conventional modular MC) 
was valued higher in the case of the espresso cup (Research Paper II) compared to the kitchen 
knife (Research Paper III). This suggests that full customization is not a value in itself—
customers would need to be offered those product categories where they value the higher 
customizability accordingly. Moreover, our results suggest that full customization of fit-
related product attributes offer higher value creation potential than style-related attributes 
(Research Paper III). 
 
Altogether, we can stress in line with Piller (2004, p. 316) that “[s]etting the solution space 
becomes one of the foremost competitive challenges of a mass customization company”. This 
challenge is likely to be even more relevant when co-design freedom is enlarged with a 
continuous solution space enabled by AM technology. Thereby, this research project is a first 
step towards a better understanding of how to leverage AM technology’s capabilities in a full 
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customization context, while embedding it into established production economics and MC 
theory. 
 
5.3 Limitations and Future Research 
The research results presented in this thesis face certain limitations or methodological 
concerns. Even though each research paper comprehensively points out its specific issues, the 
following discussion highlights central limitations of the overall results of the thesis. 
AM is an umbrella term for many different methods, there is a variety of different manufac-
turing processes behind the general term AM (see Section 2.1). These processes can largely 
differ in the available choice of materials, build rates, the mechanical properties of the 
produced parts and other technological constraints. As a result, one cannot refer to the AM 
technology. This is why we concentrated on common characteristics; and our results show 
general principles that reflect fundamental capabilities of AM technologies. Therefore, it is 
important to differentiate when applying these general principles in a specific context in order 
to avoid the risk of over-generalizing arguments. 
At its core, AM is a manufacturing technology. As outlined before, it has disruptive effects on 
the way parts are produced, how value is created and how innovation occurs, involving an 
entire ecosystem. In this ecosystem, we concentrated on analyzing potential implications for 
manufacturing firms and consumers. Even though, references to other elements in this 
ecosystem are given, a thorough assessment of the entire ecosystem and its interdependencies 
would go beyond this thesis’ scope. From an innovation management perspective, it would be 
of particular interest to analyze structural factors that foster (hinder) innovation activities 
within this ecosystem. For example, as outlined in our excerpt in Section 2.4 a great portion 
of AM innovations for consumers is actually driven by specific (lead) users and Makers 
which can be (partly) transferred to industrial-grade applications, too.  
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Further, the emergence of AM as a technology for manufacturing end use parts is fairly new 
which also explains why rather little research has portrayed this phenomenon from an 
economic perspective. As a result, there is a limited number of previous research articles 
which can be referred to. In particular, there is no consensus on AM technology’s future 
development and importance. This is why, it is acknowledged that assessments are futuristic 
to a certain extent; some of the proposed characteristics of AM presume further technological 
progress before widespread industrial adaption will take place. Moreover, consumer research 
is aggravated because the current hype surrounding AM technology fuels extraordinary 
expectations. This is why it is important to develop a better understanding of the technology’s 
future development and its implications for firms and individuals.  
In Research Paper I, results were derived on the basis of economic theory and a comprehen-
sive literature review. However, there was only little empirical evidence which supported our 
arguments on the effects of AM on a firm’s payoff function and overall market structure. 
From a production economics and operations management perspective, future research would 
be meaningful (i) to better quantify AM technology’s implications on production costs and 
(ii) to improve market structure assessments with dedicated models that better incorporate its 
specific characteristics. Future research would also need to show how our analytically derived 
propositions in Research Paper I can be supported with empirical evidence. 
A first step toward an empirical validation of value creation potentials with AM was done in 
Research Papers II and III which highlighted potential value upsides when enhancing 
conventional modular customization to a full customization approach with stepless adjust-
ments of product attributes. Since these were the first empirical consumer studies in this field, 
the choice of the customizable products was based on an MC expert group’s opinion. 
Nonetheless, it would be meaningful in future research to develop a better understanding of 
how to systematically design a product’s solution space in full customization offerings that 
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maximizes perceived value. Further, future research should try to apply these findings to BtoB 
settings. 
 
Beyond these limitations, there are several possible avenues which future research on 
economic impacts of AM could take. From an innovation management perspective, it would 
be a meaningful contribution to better understand how extant business models are affected by 
and how new business models can be composed with AM technology as a new resource. In 
this regard, the role of innovating (lead) users is an interesting field for future research, too. 
With relatively inexpensive access to local manufacturing resources: lead users (von Hippel, 
2005) are enabled (i) to develop important innovations more easily and turn them into 
physical products (“user manufacturing”) and (ii) to commercialize their product innovations 
(“user entrepreneurs”) with AM technology. Thereby, user entrepreneurs may have superior 
local market knowledge which allows them to better adjust products to individual needs 
(Kleer & Piller, 2013). Are there structural effects that would lead to a shift in value creation 
activities and revenue streams? Future research has to show. As a whole ecosystem is 
involved with AM technology, future research benefits from an interdisciplinary approach 
that combines theories from engineering, economics, business management, and social 
sciences. 
 
 
5.4 Conclusion 
AM technology has certain characteristics which sets it apart from conventional (subtractive) 
manufacturing processes. It changes fundamental paradigms in the way products are produced 
and markets are served. With costless product design complexity, individualization and 
flexibility in manufacturing, AM technology breaks with several restrictions of conventional 
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manufacturing systems. As a result, AM is more than just another machine on the manufactur-
ing shop floor—it is a technology that has central implications on its related ecosystem. Or, as 
coined by Barack Obama, AM technology has the potential “to change way we make almost 
everything” (Obama, 2013). On the one hand, industrial producers are enabled to reduce 
product development times, increase their flexibly in adjusting production volumes to volatile 
demand while being able to enhance customization at no cost penalties in manufacturing. On 
the other hand, consumers are likely to be served with more customized products which better 
fulfill individual demands; even in small market niches. Meanwhile, innovating users, Makers 
as well as startups and SMEs become increasingly independent from large manufacturing 
firms. Manufacturing, which used to be a “missing link” (Skinner, 1969) in innovation 
activities, becomes easily accessible with AM. Innovators benefit from access to (local) 
manufacturing resources without involving high upfront investments prior to start of produc-
tion. The entire product development process is affected, from ideation (rapid prototyping) to 
start of production (rapid tooling or rapid manufacturing); all can be rather easily fulfilled 
with AM—either with own AM resources or contracted services. Thereby, design iterations 
are inexpensive. Moreover, AM is likely to affect economies as a whole: when AM increas-
ingly allows production of parts with integrated assemblies, less manual assembly work 
would be required, which in turn, would eliminate cost advantages of low-wage countries in 
the long run (Schuh, Schubert, Orilski, & Aghassi, 2012). From a societal point of view, 
higher diffusion of AM technology also calls for education programs that aim at equipping 
product designers with necessary tools and skills to fully exploit the design freedom available 
with AM. 
 
AM’s current capabilities are likely to be improved with ongoing research activities that 
further accelerate its technological progress. Thereby, it can be highlighted that already today, 
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AM technology is an exciting technology for practitioners and academia at the same time. As 
outlined throughout this research project, AM is disruptive in two regards; (i) it impacts the 
way how value is created and (2) it affects the way how innovation occurs. This opens several 
avenues for new business opportunities and for future research, in particular from an innova-
tion management perspective. As a first step, this thesis contributes to an initial understanding 
of these fundamental effects by presenting different economic perspectives on AM technolo-
gy’s implications for firms and individuals. 
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Research Paper I: 
Economic Implications of 3D Printing: Market Structure 
Models in Light of Additive Manufacturing Revisited 
I Abstract 
3D printing or additive manufacturing (AM) is currently being hyped as a technology that can 
spark a new industrial revolution. AM offers benefits in flexibly producing highly customized 
products at no cost penalties in manufacturing because neither tools nor molds are required. 
Moreover, AM enables production of complex and integrated functional designs in a one-step 
process, potentially reducing manual assembly work. In this article, we discuss impacts of 
AM technology at firm level and derive market structure implications from a production 
economics perspective. We identify the technology’s economic and technological characteris-
tics and highlight four key principles relevant to manufacturers. Based on an analysis of 
established economic models for a firm’s payoff function and market structure, we critically 
assess whether the models’ assumptions still hold if the four key principles of AM apply. We 
derive a set of seven propositions providing an impetus for future research. In particular, we 
propose that the adoption of AM could lead to following outcomes: (i) a monopolist could 
increase profits by flexibly producing customized products in single niche segments; (ii) 
available product variety is increased with highly customized products; and (iii) in competi-
tive markets, competition is spurred as a result of low barriers to market entry and the ability 
to serve multiple markets at once. 
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Economic Implications of 3D Printing: Market Structure Models 
in Light of Additive Manufacturing Revisited 
 
I.1 Introduction 
Research has shown that technological innovations affect firms and market structure (Geroski 
& Pomroy, 1990; Khanna, 1995; Mills & Schumann, 1985; Vickers, 1986). In particular, 
flexible manufacturing systems (FMSs) have had large implications on manufacturers and 
market structure (e.g., Sethi & Sethi, 1990; Womack et al., 1991) because they have the 
capability of flexibly producing a variety of different parts using the same manufacturing 
resources (Gerwin, 1993). More recently, research has highlighted the potential of additive 
manufacturing (AM) technology of potentially sparking a new industrial revolution by 
extending features of conventional FMS technology (Anderson, 2012; Berman, 2012; The 
Economist, 2011, 2012). AM refers to “[…] the process of joining materials to make objects 
from 3D model data, usually layer upon layer […]” (ASTM International, 2012). Colloquial-
ly, AM is often referred to as “3D printing” (Gibson et al., 2010; Lipson & Kurman, 2013). 
As a main benefit, AM technology enables flexible production of customized products 
without cost penalties by using direct digital manufacturing processes that directly transform 
3D data into physical parts. AM technology affects costs of flexibility, individualization, 
capital costs and marginal production costs to a large extent (Berman, 2012; Dolgui & Proth, 
2010; Koren, 2006). AM can extend features of conventional FMSs; nonetheless, technology 
choice and investment decisions remain a strategic trade-off (Mellor et al., 2014; Porter, 
2011). On the one hand, AM offers benefits regarding high manufacturing flexibility and low 
individualization costs while on the other hand, AM technology has a number of limitations 
(e.g., available materials, production throughput speed, surface finish) (Berman, 2012). 
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Therefore, a manufacturing firm’s specific context must be evaluated before ultimately 
judging the rationale behind potential investments in AM technology. 
Additionally, AM technology affects market structure beyond direct effects on a single firm's 
production processes. There is a growing community of “Makers” who share 3D models, 
provide self-assembly kits for 3D home printers, sell 3D printed products on marketplaces and 
even offer their 3D printing resources (Anderson, 2012; Gershenfeld, 2005; Lipson & 
Kurman, 2013). Furthermore, a steadily growing number of 3D printers for home and 
industrial use extends the scale and scope of potential manufacturing options with AM. AM 
technology is even on political agendas, with U.S. President Barack Obama promoting AM as 
having “the potential to revolutionize the way we make almost everything” (Obama, 2013). 
While two years ago Gartner (2012) argues that AM is at its “peak of inflated expectations”, 
noting that technology is still too immature to satisfy such high expectations. Therefore, 
sustainable business models and production applications successfully leveraging the ad-
vantages of AM technology need to prove that it is more than hype.
13
 In the latest release, 
Gartner (2014) distinguishes between consumer and industrial uses of AM. The former is still 
considered to be relatively immature and hyped while industrial use of AM is likely to reach a 
level of mainstream adaptation within two to five years. 
Therefore, various applications where AM technology demonstrates its potential for firms to 
innovate faster and to overcome conventional barriers of market entry are already available. 
For example, in the shoe industry, well-established manufacturers use AM technology to 
rapidly test new designs and accelerate the innovation process (Jopson, 2013). Customized 
                                                 
13
 Indications of market confidence in the sustainability of business models relying on 3D printing offerings 
include the recently announced acquisition of the 3D home printer manufacturer and operator of the Thingiverse 
platform, Makerbot, by Stratasys for US$403 million (Stratasys, 2013). Furthermore, dedicated investment funds 
have been launched that track the performance of the AM sector which also indicates the growing importance of 
this industry. 
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end products are also manufactured with AM. For example, Nike has offered a customizable 
football cleat produced with AM since February 2013. At the same time, AM technology also 
facilitates market entry into a relatively mature industry. For example, the Belgian shoe 
retailer Runners Service Lab offers affordable, customized running shoes produced with AM 
technology. Further industrial applications of AM appear predominantly in the medical/dental, 
defense, automotive and aerospace industries as well as in some consumer niche markets (e.g., 
jewelry) (Lipson & Kurman, 2013; Wohlers, 2013).  
Despite the current hype surrounding AM and its growing applications, little research has yet 
explored economic impacts of AM technology. Therefore, this article aims to outline the 
potential economic implications of AM on manufacturing firms and markets. We 
acknowledge that our assessment is futuristic to some degree. AM is mostly applied on a 
small scale in single niches or in a lab environment. However, current research further 
enhances capabilities of AM technology and experts claim that its maturity will lead to a 
broad industrial penetration within the next years (Gartner, 2014; Lux Research, 2013; 
Wohlers, 2013). This is why an economic assessment and an evaluation of business implica-
tions are crucial; our work aims to initiate the academic discussion. 
The contributions of this article are fourfold. First, this study breaks down the current hype 
surrounding AM to the technology’s main opportunities and limitations. On this basis, we 
highlight four key principles of AM relevant to manufacturing firms and systematically 
evaluate their potential effects on a firm’s payoff function. Second, we analyze extant 
literature containing market structure models that assess advancements in the flexibility of 
manufacturing systems along the dimensions of AM technology’s key principles. Third, the 
result of our article encompasses a set of seven propositions which provide an impetus for 
future research regarding economic and business implications of AM technology. Fourth, we 
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outline practical implications by summarizing AM’s technological opportunities, applications 
and constraints relevant to manufacturing firms. 
This article proceeds as follows: in Section 2, we present a brief overview of AM technology 
and its characteristics and identify the key principles of AM relevant to manufacturing firms. 
In Section 3, we apply these key principles to a manufacturing firm’s payoff function as 
defined by Milgrom & Roberts (1990) to show AM’s effects on a firm level. In Section 4 we 
first present established economic market structure models. Then, we continue our assessment 
in Section 5 by applying AM’s key principles to these market structure models. Conclusions 
and implications for future research appear in Section 6. 
 
 
I.2 AM Characteristics and Key Principles for Manufacturing Firms 
This section outlines the characteristics of AM from a technological and economic perspec-
tive. 
 
I.2.1 Technological Background of AM 
AM technology has been in use since the 1980s. In the early phase, the application of AM 
technology was limited to the production of prototypes. The technology’s primary goal was to 
offer an affordable and fast way to receive tangible feedback during the product development 
process; prototypes were usually not functional. Primarily, the stereolithography method was 
used to harden liquid photo-sensitive polymers with laser light in a layer-by-layer process 
(Gibson et al., 2010). Today, AM is applied to a broad field with various methods existing. 
Indeed, market experts predict that by 2021, AM products and services will reach a total 
market volume of US$10.8 billion (Wohlers, 2013) mainly driven by industrial uses (Lux 
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Research, 2013). While total market size is comparably small, growth dynamics are signifi-
cant: compound annual growth rates were above 27% between 2010 and 2012 and are 
expected to reach 20% through 2021 (Wohlers, 2013). In addition to the production of single 
components, AM technology is used for manufacturing end products (Gibson et al., 2010). In 
fact, it is increasingly used for rapid manufacturing; market expert Terry Wohlers forecasts 
that end products will account for 80% of total AM production output by 2019 (Davidson, 
2012). The availability of 3D-printable materials has increased steadily over the years, 
ranging from various plastics to ceramics, metals and concrete—basically, any material that 
can be liquefied and re-solidified (Gibson et al., 2010; Wohlers, 2013).
14
 
AM offers several technological advantages that enhance conventional FMS technology. For 
example, AM enables direct digital manufacturing of digital 3D models stored in a computer-
aided design (CAD) file. With AM technology, CAD files can be digitally adjusted to 
individual needs and directly transformed into customized products without the need for tools 
or molds (Gibson et al., 2010). Therefore, AM enables product individualization without cost 
penalties in manufacturing (Gibson et al., 2010). By adding material layer by layer until the 
product is finalized, AM has fewer process and design restrictions; therefore, it also allows for 
functionally optimized product designs (e.g., lightweight designs, integrated cooling cham-
bers) (Lott et al., 2011; Petrovic et al., 2011). Furthermore, an increase in design complexity 
does not mean higher production costs. In contrast, with non-AM technology, production 
costs per unit usually increase with higher product design complexity (see e.g., Kota, 
Sethuraman, & Miller, 2000). Moreover, AM technology permits high manufacturing 
flexibility: other than consumables and the actual AM machine, only the product’s digital 3D 
model is necessary for manufacturing (Gebhardt, 2013; Lipson & Kurman, 2013). The ability 
                                                 
14
 Ongoing research activities also enhance specific AM technologies for printing human tissue (e.g., the 
California-based company Organovo) or edible substances (e.g., Makerbot or NASA). 
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to print any sequence of different 3D models in any random order without penalties for 
changing the sequence interjects a high degree of flexibility when using AM (Berman, 2012). 
Furthermore, setup and changeover costs are negligible with AM; only a different CAD file 
needs to be uploaded into the machine when changing the product to be produced—neither 
tools nor molds are necessary, which is not the case with conventional manufacturing 
technologies (Lott et al., 2011; Petrovic et al., 2011). Moreover, AM enables the production 
of functionally integrated product designs in a one-step manufacturing process. Certain 
functions such as moving parts or cooling systems can be directly integrated into the produced 
parts without involving additional manufacturing or assembly steps (Gibson et al., 2010).
15
 
Case studies show that AM technology can substantially lower required raw materials and 
reduce scrap compared to conventional manufacturing technology, particularly for metal parts 
(Lipson & Kurman, 2013; Petrovic et al., 2011; Reeves, 2009).  
However, AM technology also has several restrictions that limit its applications. For example, 
available materials as well as the choice of colors and surface finishes are still constrained 
(Berman, 2012). Furthermore, the build space of AM machines sets a physical limit to 
products’ geometries (Gebhardt, 2013; Lipson & Kurman, 2013). With current AM technolo-
gy, quality issues are also a concern. Parts may lack resistance to environmental influences 
and fail with exposure to high stresses (Berman, 2012; Petrovic et al., 2011). In addition, the 
precision of the produced parts still needs improvement. Therefore, reproducibility of parts 
cannot be assured, and global quality as well as testing standards are still to be defined (Lott 
et al., 2011; Petrovic et al., 2011). Moreover, design tools have yet to fully exploit the 
possibilities AM technology offers. Missing guidelines currently make it difficult for non-
                                                 
15
 However, support material is often required with AM, particularly when producing moving parts. Today, 
support material must be removed in a separate production step (Gibson et al., 2010). Many support materials 
can be recycled (Lipson and Kurman, 2013). 
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experts to optimize product designs and attain the necessary know-how (Lipson & Kurman, 
2013). Current research aims to overcome existing limitation and enhance capabilities of AM 
technology. For example, the Oak Ridge National Laboratory works closely with industry 
partners to advance AM technology (i.e., reduce costs, energy needs and emissions) and 
facilitate adoption by firms; the Fraunhofer Institute for Laser Technology enhances accuracy 
and efficiency of the Selective Laser Melting technology; while other institutes such as the 
Self-Assembly Technologies Lab at MIT incorporate a fourth dimension into AM by producing 
parts that are reactive to the environment and change their shapes over time (Pei, 2014). 
 
 
Overall, AM technology offers many opportunities to manufacturing firms but also possess 
limitations, as summarized in Table I.1. Nonetheless, further technological progress may soon 
overcome these hurdles (Wohlers, 2013). 
 
 
Table I.1: AM technology’s opportunities and limitations from a technological perspective. 
+Direct digital manufacturing of 3D product 
designs without the need for tools or molds
+Change of product designs without cost penalty 
in manufacturing
+ Increase of design complexity (e.g., lightweight 
designs or integrated cooling chambers) without 
cost penalty in manufacturing
+High manufacturing flexibility: objects can be 
produced in any random order without cost 
penalty
+One-step production of functionally integrated 
designs possible
+Less scrap and required raw materials
–Solution space of products limited to ‘printable’ 
materials (e.g., no combined materials) and size 
of build space
–Quality issues of produced parts: limited 
reproducibility of parts, missing resistance to 
environmental influences
–Yet, large efforts for surface finishing needed
–Missing design tools and guidelines to fully 
exploit possibilities of AM
–Low production throughput speed
–Skilled labor and strong experience needed
Opportunities Limitations
Technological characteristics of AM
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I.2.2 Economic Characteristics of AM 
AM facilitates product innovation because design iterations are relatively inexpensive and 
parts can be rapidly produced. In particular, AM unfolds its advantages in a market environ-
ment characterized by customization, flexibility, design complexity and high transportation 
costs for the delivery of end products (Berman, 2012; Gibson et al., 2010; Lipson & Kurman, 
2013). AM technology frees up the solution space for product designs, basically limiting it 
only to designers’ creativity and physical laws. Theoretically, AM technology is capable of 
producing any physically feasible product design compiled in a 3D model because products 
are manufactured layer by layer. Thus, product designs can be optimized according to their 
desired function rather than restricted from production technology or supply chain constraints 
(“design-for-manufacture”) (Berman, 2012; Lipson & Kurman, 2013). Furthermore, firms are 
able to offer highly customized products that match customer preferences. Product customiza-
tion potentially yields an increase in customers’ perceived product value and, thus, higher 
willingness to pay (as in mass customization; see e.g., Franke & Piller, 2004; Franke et al., 
2010; Schreier, 2006). AM technology also enables consumers to co-design products that best 
fit their demand; for example, recently launched websites
16
 allow consumers to create 
individual products by altering distinct product design parameters within a 3D product 
configurator—the individualized 3D models are directly produced with AM technology. As a 
result, product variety can potentially become infinite without incurring additional costs in 
manufacturing. In contrast, the goal of conventional mass customization is to fulfill individual 
customer demand by combining pre-assembled, modular parts, resulting in distinct product 
variants. Thus, postponement strategies are pursued to gain mass production efficiency, 
                                                 
16
 Several online applications base their offerings on AM technology and co-design by consumers, such as 
individualized medals and trophies (www.twikit.com), personalized 3D-printed figurines 
(www.cubify.com/store/3dme.aspx) and individualized dolls configured with a smartphone application 
(www.makie.me). 
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usually involving multiple production steps (Berman, 2012; Brabazon, MacCarthy, Wood-
cock, & Hawkins, 2010; MacCarthy et al., 2003; M. M. Tseng, Jiao, & Merchant, 1996). 
Nonetheless, each variant creates additional complexity and costs in a supply chain relying on 
conventional production technology, which is not the case with AM (Berman, 2012). There-
fore, AM technology has the potential to resolve the “scale-scope dilemma” on the cost side: 
there are no penalties associated with a higher degree of product variety (Lott et al., 2011; 
Schuh et al., 2012). Moreover, lead times for the production of single batches of product 
variants can be largely reduced
17
, while product variants can be produced in any sequence 
without additional changeover time or switching costs because no tools or molds are required. 
Thus, AM potentially enables an efficient lot size of one (Gibson et al., 2010). Costly 
inventories of semi-finished and finished goods become moot if AM is used for direct digital 
manufacturing of end products supported by design or make-to-order processes (Berman, 
2012). Moreover, required assembly work can be reduced by producing functional designs in 
a one-step process (Reeves, 2009).
18
 Thus, the degree to which designers can create products 
that meet individual customers’ demand or optimize a product’s functional design is likely to 
become a key success factor (Lipson & Kurman, 2013; Reeves, 2009). Relatively low fixed 
costs for basic AM machines and setup, combined with the feasibility of economically 
producing small batch sizes, will potentially enable local production near or even at the point 
of use (Berman, 2012). High transportation costs for the delivery of end products that exceed 
transportation costs for raw materials as well as penalties for late delivery can also shift the 
                                                 
17
 Although build rates are not currently reaching levels of mass production, the elimination of additional 
production processes and tools or molds makes AM a viable option for small to mid-scale production. Further 
technical advancements that enhance production throughput speed and quality will drive its application toward 
larger-scale production levels. 
18
 Current research aims to produce parts that are reactive to the environment and change their shapes over time 
(so-called “4D-Printing”) which may lead to a further reduction of manual work in post-production processes 
(see Pei, 2014). 
Research Paper I: “Economic Implications of 3D Printing: Market Structure Models …” 76 
 
manufacturing location toward the point of use (Kleer & Piller, 2013). As a result, cost 
advantages of producing in low-wage countries might diminish in the long run (Lott et al., 
2011; Petrovic et al., 2011; Schuh et al., 2012). In addition, new services facilitate access to 
local AM manufacturing capacities, which lowers market entry barriers. For example, the 
U.S.-based company TechShop provides local manufacturing capacities on a subscription 
basis, such that customers can produce their own or purchased 3D designs in a local shop 
equipped with AM technology and other manufacturing tools. Another example is the U.S. 
logistics company UPS or the French La Poste, which recently started the offering of 3D-
printing services at their branches aimed at start-ups, small businesses and consumers. In 
some industries, penalties for late delivery can be the major driver for installing AM manufac-
turing capacities locally. For example, local on-demand production of replacement parts at 
mining sites or industrial production lines where site locations are remote can reduce costly 
production downtimes or excessive inventories for replacement parts (Lipson & Kurman, 
2013; Nicholls, 2013). 
However, marginal production costs remain higher than conventional, non-AM technology, 
owing largely to high material costs and energy intensity (Gibson et al., 2010). Nonetheless, 
material costs are likely to decrease when additional suppliers enter the market (Lux Research, 
2013). Moreover, production throughput speed is lower than conventional production 
methods (e.g., injection molding) (Gibson et al., 2010). While product variety can be in-
creased without cost penalties in manufacturing, AM cannot exploit economies of scale when 
increasing production volume of a product variant (Berman, 2012). Therefore, mass produc-
tion of standardized parts will likely remain the domain of conventional manufacturing 
technologies. Furthermore, quality issues may discourage some potential customers from 
buying products produced with AM technology. In combination with improved 3D-scanning 
and reverse-engineering capabilities, AM poses risks to intellectual property (IP) rights of 
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product designs (Kurfess & Cass, 2014). Copying a physical product and converting it into 
shareable 3D design data might become as easy as copying a printed document or sharing 
ordinary computer files—similar considerations had been made in the music industry before 
(Wilbanks, 2013). Table I.2 summarizes the characteristics of AM from an economic 
perspective. 
 
 
Table I.2: AM technology’s opportunities and limitations from an economic perspective. 
 
AM offers a wide range of economic opportunities, however, a manufacturer also faces 
various limitations resulting in a trade-off. With further research and technological progress, it 
is likely that many of the current limitations will diminish in the mid to long term (Gartner, 
2014; Wohlers, 2013). 
 
+Acceleration & simplification of product 
innovation: iterations are not costly and end 
products are rapidly available
+Price premiums can be achieved through 
customization or functional improvement (e.g., 
lightweight) of products
+Customer co-design of products without cost 
penalty in manufacturing
+Resolving “scale-scope dilemma”: no cost 
penalties in manufacturing for higher product 
variety
+ Inventories can become obsolete when supported 
by make-to-order processes
+Reduction of assembly work with one-step 
production of functional products
+Lowering barriers for market entry
+Local production enabled
+Cost advantages of low-wage countries might 
diminish in the long run
–High marginal cost of production (raw material 
costs & energy intensity)
–No economies of scale
–Missing quality standards
–Product offering limited to technological 
feasibility (solution space, reproducibility, 
quality, speed)
– Intellectual property rights & warranty related 
limitations
–Training efforts required
–Skilled labor and strong experience needed
Opportunities Limitations
Economic characteristics of AM
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I.2.3 AM’s Key Principles for Manufacturing Firms 
AM technology is undergoing rapid technological progress (Wohlers, 2013). Therefore, we 
focus on the key principles that differentiate AM technology from capabilities of conventional 
FMSs. All arguments pertain to capabilities that are possible today and are likely to improve 
in the future, as mentioned previously. Table I.3 summarizes four key principles of AM 
technology relevant to manufacturers based on the review in Sections 2.1 and 2.2. 
First, AM technology is a “versatile manufacturing machine” that is capable of directly 
transforming any digital 3D model of a product into a physical product using standardized 
data interfaces. Second, AM offers “customization and flexibility for free”—that is, it does 
not require tools or molds, thus eliminating sunk costs before production start. In addition, 
flexibility is high because the sequence and volume of products can be altered without cost 
penalties in manufacturing. Third, AM offers “complexity for free”—that is, it allows for 
product design complexity and a larger number of product variants with no increase in 
manufacturing costs. Fourth, assembly work requirements are reduced when producing 
integrated functional designs in one step. 
The choice of an appropriate manufacturing system remains an issue to be resolved in the 
context of a manufacturing firm’s strategy and competitive landscape (Kakati, 1997; Mellor et 
al., 2014; Porter, 2011). Therefore, assessing the impact of AM in detail is vital. The four key 
principles described in Table I.3 help uncover AM technology’s economic implications on 
both a manufacturing firm level and general market structure. Although scholars have 
comprehensively investigated technological aspects of AM, economic discussions remain 
scarce. Currently, only a limited number of manufacturing firms rely on AM technology, 
making it difficult to conduct empirical research. Therefore, to further elaborate the economic 
implications of AM technology, we examine economic models identified in a literature review. 
These models originally discuss differences between conventional FMSs and dedicated 
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manufacturing systems; thus, we apply AM technology’s key principles to argue potential 
changes in the models’ outcomes. Thereby, the goal of this study is to start the discussion of 
AM’s implications from an economic perspective. In order to initiate this discussion, we rely 
on established economic models to analyze AM’s impact on two levels: on a firm level in a 
monopolistic setting and a competitive market setting. 
 
 
Table I.3: Key principles of production with AM technology. 
 
 
I.3 AM’s Impact on a Manufacturing Firm’s Payoff Function 
Having identified AM technology’s characteristics and highlighted its key principles, we now 
examine a manufacturing firm’s payoff function developed by Milgrom & Roberts (1990) that 
we use as a theoretical foundation to systematically identify AM’s effects at a firm level. 
 
Versatile 
manu-
facturing
machine
Customization 
and flexibility
for free
Complexity 
for free
Reduction of 
assembly 
work
• On-demand direct digital manufacturing of 3D product models enabled
• End products are rapidly available at constant marginal cost (no economies of 
scale)
• Local availability of versatile manufacturing resources with standardized interface
• Product designs can be customized without cost or time penalties in manufacturing
• Volume and product flexibility without cost or time penalties for machine setup or 
changeover
• No tools or molds needed
• Higher design complexity without cost penalty in manufacturing
• Little design constraints for products
• No cost penalties for higher product variety
• Direct production of functionally integrated parts (e.g., moving parts, cooling 
system) possible
• Less production steps involved
• Lower manual intervention throughout production processes
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I.3.1 Payoff Function as Defined by Milgrom & Roberts (1990) 
One of the most cited, seminal article on FMS and its impact on the firm is Milgrom & 
Roberts (1990) with its assessment of technologies and required capabilities of a firm 
applying FMS. They investigate a firm that adopts “modern manufacturing” by portraying the 
dimensions of technology, strategy and organization. Modern manufacturing encompasses the 
use of FMS technology and processing of digital 3D product designs (CAD). They examine a 
single firm in a monopolistic market setting with a profit function that features key elements 
that are crucial for assessing the value of flexible manufacturing. They conclude that the firm 
can improve market responsiveness and quality through technological advancements in 
manufacturing. They also argue that successful exploitation of modern manufacturing 
opportunities can be realized with a coherent business strategy that is regularly adapted to 
changes in technology and demand. That is, a firm needs coordinated decisions along its value 
chain (e.g., marketing, manufacturing, logistics) to optimize its profit in a rapidly changing 
business environment. Milgrom & Roberts (1990) base their model on a multi-product 
company. The market is characterized by a downward-sloping demand curve in a monopolis-
tic setting. The company is able to control the set of decision variables in marketing, design, 
manufacturing, engineering and organization while facing parameters related to product 
demand, operational expenditures, capital costs, and time. In general, the company’s profit 
comes from its total operating profit less fixed costs, which consist of expenses for machine 
setups, product design, and capital expenditures. Key assumptions related to features of 
flexibility in the profit function include the following: 
 Demand increases with lower prices and higher quality. 
 Demand shrinks with increasing order fulfillment time. 
 The average level of working capital is proportional to demand and anti-proportional 
to the number of setups. 
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 Setup costs include direct costs and wastage, which are assumed to be low for FMSs. 
 Each product redesign or improvement causes design costs and extra setup costs, 
which are assumed to be low with FMSs. 
 Capital costs are incurred for setting up the manufacturing system. Capital costs of 
modern manufacturing technologies decrease over time as machinery becomes less 
costly. 
 
Moreover, investments in different elements of modern manufacturing are mutually reinforc-
ing; for example, the utility of flexible machinery increases with the use of digital order 
processing. Complementarities in marketing, design, manufacturing, engineering and 
organization make it profitable for a firm to further increase the level of modern manufactur-
ing measures after adoption. However, non-convexities in the profit function would lead to an 
erratic rather than smooth adaptation process. Therefore, Milgrom & Roberts (1990) draw the 
conclusion that there should be two distinct clusters of firms: those that adopt flexible 
manufacturing measures and those that rely on dedicated manufacturing technology. Moreo-
ver, they expect an increasing share of firms that will adopt modern manufacturing technolo-
gies in the future. 
 
I.3.2 AM’s Key Principles Applied to the Payoff Function 
The payoff function introduced by Milgrom & Roberts (1990) extensively captures key 
elements in order to assess the impact of manufacturing flexibility on a firm. Table 4 summa-
rizes the elements of the payoff function and illustrates our proposed impact of AM technolo-
gy on these parameters. We conducted this indicative assessment on the basis of the character-
istics of AM identified in Section 2. Regarding the parameter functions, the signs indicate 
whether an increase of one parameter has a positive or negative effect on the function’s value, 
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as defined by Milgrom & Roberts (1990). For example, the expected wait time for a processed 
order to be filled (ω = ω(-m, +r, n)) decreases with an increasing number of setups per period 
(m) but increases with a higher probability of a defective batch (r) given a certain number of 
products (n). Table 4 also highlights the potential impact on decision variables and parameters 
if AM technology is adopted. The “+” or “–” symbols indicate the qualitative directions 
(positive/negative effect) in which the payoff function’s elements are influenced by the 
adaptation of AM technology. The assessment is based on the AM technology’s key princi-
ples, which we use to systematically evaluate each element of the payoff function in what 
follows. 
Firstly, prices of products (p) can potentially be increased if AM’s benefit of costless individ-
ualization is used to offer highly customized or functionally optimized products tailored to the 
customers’ needs. By skimming customers’ higher willingness-to-pay for these customized 
products (Fogliatto et al., 2012; Franke et al., 2009; Franke & Piller, 2004), producers will be 
able to demand a price premium compared to non-customized products, resulting in an 
increase of their rent. From a manufacturing standpoint, AM enables more frequent product 
improvements (q), design changes (d) and setups (m) because no additional setup costs (e, s) 
incur. In addition, direct processing of 3D data combined with design-to-order or make-to-
order processes helps to reduce total order fulfillment times (a, b, ω, t). As long as the 
relatively low production throughput speed is not predominant, processing times can be 
reduced (a). Shorter waiting times for customers also lead to less demand shrinkage (δ). 
Direct order processing might also result in the elimination of inventories (ι) and lower capital 
costs (κ). A fully automated and digitized production process entails less manual work and 
reduces the probability of defective batches (r). Furthermore, scrap is negligible (w), and 
necessary rework costs (ρ), though dependent on quality requirements, can largely be 
eliminated when using AM technology. Lastly, base demand per product (µ) can be increased 
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by the technology’s ability to flexibly produce highly customized products that meet specific 
customer needs.  
However, AM also bears high material costs and energy intensity, which will negatively 
affect marginal costs of production (c). Moreover, quality issues still lead to waste in the 
production process. Furthermore, constraints regarding available materials, build space, 
lacking know-how and skilled labor, limit the scope of applications in which AM can 
compete against conventional manufacturing methods (Berman, 2012; Petrovic et al., 2011). 
  
Elements of payoff function 
AM’s key principles & effect on elements 
AM’s limitations 
& effect on 
elements Details on AM’s effects 
Versatile mfg. 
machine 
Customization and 
flexibility 
for free 
Complexity 
for free 
Reduction of 
assembly work 
p Price of each product 
 
+ + 
  
Buyer might be willing to pay more if products are customized or functionally 
optimized. 
q 
(Expected) number of improvements 
per product per period 
+ + + 
  
Design iterations are not costly, product designs could be continuously improved 
without cost penalties. 
a Order receipt and processing time + + + + - (throughput speed) 
Direct digital manufacturing with digitized information flow possible, reducing total 
order fulfillment time as long as low throughput speed does not erode processing time. 
b Delivery time +    
 
Might be reduced if local production is implemented. 
c Direct marginal costs of production 
    
- (marginal costs) Increased due to higher cost of raw material and higher energy intensity. 
d Design cost per product improvement 
 
+ + + 
 
Design changes easily adopted in digital 3D model without cost penalty in 
manufacturing. 
e 
Extra setup costs on newly changed 
products  
+ +  
 
No extra setup costs incurred for changed products because no tools or molds are 
required and higher product variety without cost penalty. 
m Number of setups per period + + 
   
Can be increased without cost penalty because no extra changeover efforts occur, 
increase might be necessary if product variety is larger because of, for example, 
customization. 
r Probability of a defective batch 
   
+ - (quality issues) 
Can be reduced due to lower manual work requirements, but currently still quality 
issues. 
s Direct cost of a setup + + 
   
Setup costs are very low (zero) because no tools or molds are required. 
w Wastage costs per setup + + 
   
Negligible scrap and rework requirements for changeovers. 
ρ Marginal cost of reworking a defective 
unit 
 
   
- (quality issues) Current quality issues might cause efforts for reworking. 
ι Cost of holding inventory per unit  
    
No impact (but ideally, less inventory is necessary with AM). 
        
ω Expected wait for a processed order to 
be filled ω = ω(-m, +r, n) 
+ + 
  
- (quality issues) 
Can be reduced because number of setups can be increased without additional wait 
time as long as quality issues are not predominant. 
t Total expected wait for an order to be 
received, processed, filled and shipped 
t = a + ω + b 
+ + + + - (throughput speed) 
May be reduced because setups can be increased without extra wait time and assembly 
steps can be eliminated as long as lower throughput speed does not erode processing 
time. 
δ Demand shrinkage with delay time 
δ = δ(-t, τ) 
+ + + + - (throughput speed) Shrinkage is reduced when total expected wait time is shortened. 
µ Base demand per product 
µ =µ(-p, +q, n, τ) 
+ + + + - (quality issues) 
Might be higher if q can be increased and individual customer need is met without 
extensive increase of price. 
κ Capital cost 
κ = κ(-a, -b, -c, -d, -e, -r, -s, -w, τ) + + + + 
- (throughput speed, 
marginal costs, quality 
issues) 
Lowering of a, b, c, d, e, s, and w do not necessarily increase capital costs with AM 
technology; capital costs for AM investment are likely to increase with higher-quality 
requirements (lowering of r). 
        
n Number of products 
 
+ + 
 
- (material availability, 
build space) 
Increased if customization strategy is pursued without cost penalties in manufacturing 
but constrained by available materials and build space. 
  + = positive effect / improvement of parameter - = negative effect / deterioration of parameter 
 
Table I.4: Effects of AM’s key principles on a manufacturer’s payoff function. (As defined by Milgrom & Roberts (1990)). 
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In conclusion, AM technology seems to decouple several decision variables from capital cost 
requirements. In contrast to the assumptions by Milgrom & Roberts (1990), reductions of 
order receipt and processing time, delivery time, marginal cost of production, design costs per 
product improvement, setup costs, and wastage costs not necessarily lead to a significant 
increase of capital costs after the initial investments in AM systems have been taken. With 
AM, direct digital manufacturing allows for digital information flow along the value chain 
from product design to production. In combination with a design or make-to-order process, 
total fulfillment time can be reduced and inventories and setup costs eliminated, while 
marginal costs of production remain constant after investments in AM technology. Nonethe-
less, higher throughput speeds, better quality, and less defective batches involve higher capital 
investments for more advanced AM systems. Figure I.1 summarizes the effects of AM 
adoption on the elements of the payoff function, influencing the profit of a manufacturer in a 
monopolistic setting when we assume a moderate increase in marginal production costs, non-
excessive processing times, and a sufficient quality of produced parts. 
 
 
Concluding, we propose: 
Proposition 1: If AM technology unleashes its potential along all parameters in a 
manufacturing firm’s payoff function, a monopolist can increase profits by offering 
customized products with a price premium at no cost penalties in manufacturing as 
 
Figure I.1: AM’s potential effects on a manufacturing firm’s payoff function (+/-: increase/decrease). 
 
Π 𝑝, 𝑞, 𝑚, 𝑎, 𝑏, 𝑐, 𝑑, 𝑒, 𝑟, 𝑠, 𝑤, 𝜏 = 
 𝑝 − 𝑐 − 𝑟 × 𝜌 − 𝜄 𝑚  × 𝑛 × 𝜇 𝑝, 𝑞, 𝑛, 𝜏 × 𝛿 𝑎 + 𝜔 𝑚, 𝑟, 𝑛 + 𝑏, 𝜏  
− 𝑚 ×  𝑠 + 𝑤 − 𝑛 × 𝑞 ×  𝑑 + 𝑒 −  𝜅 𝑎, 𝑏, 𝑐, 𝑑, 𝑒, 𝑟, 𝑠, 𝑤, 𝜏  
 
+ 
+ + + 
+ / - - - 
Research Paper I: “Economic Implications of 3D Printing: Market Structure Models …” 86 
 
long as marginal costs of production, processing time, and the probability of a defec-
tive batch are not excessively high. 
 
This analytically derived result confirms our intuition about the positive impact of AM on a 
monopolist’s profit. Adjusting some elements within the model of Milgrom & Roberts (1990) 
indicates that AM has profound economic implications for producers at the firm level in a 
monopoly situation. However, we do not believe that AM will lead to monopolistic markets, 
as represented by our base model (Milgrom & Roberts, 1990). Nonetheless, this analysis 
allowed us to better understand and demonstrate the impact of AM on different cost parame-
ters at firm level. We propose that these impacts are also valid under competition which we 
investigate in the following section, where we look on the effects of AM on market structure 
(industry level perspective). We find that the firm-level implications outlined above, in 
particular with regard to production costs, still hold under competition when adopting AM. 
 
 
I.4 FMS and market structure 
In this section, models are outlined which discuss the impact of FMS on overall market 
structure. These models are further assessed in Section 5 where we apply the key principles of 
AM technology to extend features of conventional FMS to discuss market structure implica-
tions. 
 
I.4.1 Overview 
Various scholars have discussed the economic implications of manufacturing flexibility 
driven by new technological advancements (e.g., CAD software, automation, numerical 
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control) and the growing number of successful manufacturers that have anchored flexibility as 
a key strategic pillar for their operations in the past (Gerwin, 1993; Womack et al., 1991).  
Research has also explored the effects of flexibility on manufacturing firms and its investment 
trade-offs in different dimensions (Gerwin, 1993; Sethi & Sethi, 1990). Flexibility concepts 
crucial to the competitive position of a firm usually include product, volume, new product 
design and delivery time flexibility (Suarez, Cusumano, & Fine, 1996). Product flexibility 
refers to the ability to efficiently shift capacity from the production of one product to another 
(Sethi & Sethi, 1990). Volume flexibility describes a firm’s ability to easily change produc-
tion output at minimum cost penalties (Chen & Adam, 1991). Flexibility in new product 
design enables quick and economic change of machinery setups when product specifications 
are altered (Sethi & Sethi, 1990). Moreover, shortening of delivery times can be the result of 
enhanced manufacturing flexibility (M.-C. Tseng, 2004). 
 
 
For further analysis, we selected several scholarly articles that incorporate a formal, analytical 
model with the features of product differentiation and manufacturing flexibility (Table 2). We 
Reference 
Type of 
model 
Flexibility 
concept 
Model setup Key conclusions 
Eaton & 
Schmitt 
(1994) 
Product 
attribute 
address 
model 
Product 
flexibility 
Address model for differentiation of 
product attributes with known consumer 
preferences; sequential market entry with 
Bertrand price game 
Production flexibility promotes market 
concentration through preemption and 
mergers or cartels. 
Norman & 
Thisse 
(1999) 
Product 
attribute 
address 
model 
Product 
flexibility 
Firms compete in two-stage location–
price game based on spatial model of 
product differentiation with mixed 
technology configuration of firms 
(dedicated and flexible mfg. technology) 
FMSs lead to a tougher price regime in the 
market; markets are characterized by a trade-
off: consumers benefit from lower prices at 
the expense of the manufacturers, while 
FMSs can also be used to deter entry, leading 
to a reduction of base products in the market. 
Chang 
(1993) 
Game-
theoretic 
model for 
technology 
choice 
New 
product 
design 
flexibility 
Sequential model: in period one, the 
incumbent decides on its investment in 
flexible vs. dedicated mfg. technology 
given a known consumer taste. In period 
two, a new consumer taste is revealed. 
Then, the potential entrant decides on its 
market entrance 
Incumbents threatened by potential entrants 
install FMSs rather than a monopolist; new 
product design flexibility is installed as a 
preemptive measure to deter market entrance. 
Röller & 
Tombak 
(1993) 
Game-
theoretic 
model for 
technology 
choice 
Product 
flexibility 
Two-stage game: (i) firms decide on mfg. 
technology (FMS vs. dedicated) and (ii) 
firms choose their production output 
Higher market concentration, larger markets 
and higher product differentiation lead to a 
higher proportion of firms adopting FMSs. 
Higher fixed costs of FMSs lead more firms 
to invest in dedicated mfg. technology. 
Note: Mfg, = manufacturing. 
Table I.5: Literature related to FMS and its impact on market structure. 
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chose these articles because they encompass the main concepts in the literature.
19
 Scholars 
have largely used two approaches for assessing market structure implications of FMSs: (i) 
product attribute address models and (ii) game-theoretic models of technology choice. 
Product attribute address models, based on Hotelling (1929) and Salop (1979), conceptualize 
the market as a circumference (single sections can be simplified as a line) on which each point 
represents one product variant (Eaton & Schmitt, 1994). Each consumer demands one most 
preferred variant on this interval; any deviation causes disutility, which is proportional to the 
distance to the most preferred good. Firms can “anchor” their base product at one point on the 
interval and serve a certain market segment by altering the base product at modification costs, 
which increase proportionally to the distance to the base product (Norman & Thisse, 1999). 
Other scholars have used game theory to examine multi-stage models that assess the choice of 
dedicated versus flexible manufacturing technology (Chang, 1993; Röller & Tombak, 1993). 
The focus of this approach is on the equilibria results arising from comparative static anal-
yses. In these models, assumptions about market demand and a firm’s payoff function are 
made that reflect the necessary trade-offs in adopting either flexible or dedicated manufactur-
ing technology.  
                                                 
19
 We selected scholarly articles that contain a formal, analytical model using an EBSCOhost web search query. 
The search query limited the results to articles containing “flexible manufacturing” and the term “market 
structure” or “market entry” in the title, abstract or keywords. A few articles (Auer & Speckesser, 1997; Bischof, 
1987; Eckel, 2009; Farrow, Bovbjerg, & Vaupel, 1985; Rogalski, 2012) were not further analyzed because they 
do not incorporate a formal, analytical model or do not pertain to manufacturing technology-driven market 
structure assessments. 
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I.4.2 Product Attribute Address Models 
I.4.2.1 Eaton & Schmitt (1994): “Flexible Manufacturing and Market Structure” 
Eaton & Schmitt (1994) examine the impact of flexible manufacturing on market structure 
and conclude that production flexibility promotes market concentration through preemption 
and mergers or cartels. They treat the key characteristics of flexible manufacturing as 
“economies of scope in the production of differentiated goods” (Eaton & Schmitt, 1994, p. 
875), defining two levels of economies of scope: strong economies of scope, which exist if a 
cost-optimal production plan involves only one base product, and weak economies of scope, 
when firms install more than one base product but less than the total number of goods offered. 
A company can produce a base product when investing in product development (sunk costs), 
and the base product can be produced at constant marginal cost. By modifying the base 
product, variants are produced within an attribute space involving additional costs. First, 
switching costs arise from changing the production process from one variant to another. 
Second, the production of one unit of a variant requires costs of modifying the base product. 
Eaton & Schmitt (1994) model this effect by setting costs of modification proportional to the 
distance in the attribute space between the base product and the variant. Key assumptions 
related to FMSs in their model are that product development of base products incurs sunk 
costs, incremental costs of modifying a base product are proportional to the distance to the 
base product, and switching costs between different varieties are zero. Eaton & Schmitt also 
derive five conclusions about market structure when firms are equipped with flexible 
manufacturing technology: (i) the expected profit of an entrant is independent of the owner-
ship of base products in the market; (ii) the possibility of market entry has no effect on 
incumbents’ incentives to merge or form a cartel; (iii) incumbents do not abandon their base 
products if entry occurs; (iv) firms that merge or form a cartel capture the entire profit surplus 
generated through this strategic move; and (v) with sequential market entry, monopoly 
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preemption is inevitable. They conclude that flexible manufacturing leads to market structures 
characterized by higher concentration. 
 
I.4.2.2 Norman & Thisse (1999): “Technology Choice and Market Structure: Strategic 
Aspects of Flexible Manufacturing” 
Norman & Thisse (1999) also examine the impact of FMSs on market structure, focusing on 
strategic aspects of technology choice. If firms adopt FMSs, the market will be characterized 
by a tougher price regime in which manufacturers discriminate on prices of differentiated 
products.  
Norman & Thisse assume equal variable production costs for producing a base product for 
both dedicated manufacturing technology and FMSs. Dedicated manufacturing technology 
limits production to the base product only. Thus, the authors argue that re-anchoring costs are 
prohibitive with dedicated manufacturing technology. Conversely, FMSs make it possible to 
modify a base product, and modification costs increase proportionally to the distance to the 
base product. That is, FMSs enable the production of differentiated products that meet 
individual customer demand, and the price of one product variant can be adjusted without 
affecting other product variants, enabling firms to discriminate on prices. This means that 
flexible manufacturers can precisely deter entry by locally lowering prices when a threat of 
entry exists. If firms use FMSs to deter entry, it is probable that the number of base products 
offered in the market is lowered. Thus, Norman & Thisse conclude that the effect of monopo-
ly preemption with FMS depends on the costs of re-anchoring base products (costs for 
changing a product’s specification).  
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I.4.3 Game-Theoretic Models for Technology Choice 
I.4.3.1 Chang (1993): “Flexible Manufacturing, Uncertain Consumer Tastes and Strategic 
Entry Deterrence” 
Chang (1993) treats FMSs as a strategic choice for firms to deter market entry and concludes 
that under uncertain consumer preferences, an incumbent threatened by new market entrants 
is more likely to install a FMS than an unchallenged monopolist. Thus, product design 
flexibility can serve as a preemptive measure to deter market entrance. The more consumer 
preferences fluctuate, the higher is the producer’s benefit of product design flexibility. In 
contrast, in an environment characterized by stable consumer tastes, producers strive to 
realize economies of scale in the production of identical products—here, product design 
flexibility is of no value. Thus, Chang concludes that manufacturing flexibility offers two 
benefits for producers. First, it secures market shares under uncertain and fluctuating demand. 
Second, manufacturing flexibility helps incumbents deter market entry. Chang assesses the 
monopolist’s rationale in a sequential game between the monopolistic incumbent and a 
potential entrant. Both have the choice of adopting either flexible or dedicated manufacturing 
technology. The model is structured as follows: in period one, the incumbent decides to either 
invest in flexible or dedicated manufacturing technology given a known consumer taste. The 
incumbent earns monopoly profits. In period two, a new consumer taste is revealed. Then the 
potential entrant, aware of the incumbent’s technology, decides on its market entrance. Chang 
identifies a “zone of strategic flexibility,” determined by the likelihood of change in consumer 
demand and the switching costs for changing production to another product, in which the 
monopolist holds excess flexibility when threatened by potential market entrants. Three 
factors determine the degree to which firms use FMSs to deter entry: (i) fixed cost for the 
implementation of a FMS for the potential market entrant, (ii) intensity of expected competi-
tion between the entrant and the incumbent, and (iii) the incumbent’s fixed cost of switching 
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production from one product to another. The third factor can also be portrayed as a mobility 
barrier of the incumbent in the market (Caves & Porter, 1977). The higher the apparent barrier 
for the incumbent, the more attractive market entry becomes if consumer tastes change and 
new market segments emerge. 
 
I.4.3.2 Röller & Tombak (1993): “Competition and Investment in Flexible Technologies” 
Röller & Tombak (1993) examine the effects of firms investing in FMS technology on market 
structure. They analyze a two-stage game. First, firms decide on their investment in either 
flexible or dedicated manufacturing technology. Second, firms choose their output volume for 
two differentiated product markets. Manufacturing flexibility of FMSs captures the ability to 
serve both markets while firms with dedicated manufacturing technology participate in one 
market only. Röller & Tombak assume that fixed costs for investments in FMSs vary across 
firms but are always higher than or equal to those of dedicated manufacturing technology. 
Moreover, marginal costs of production are assumed to be equal for both manufacturing 
technologies. Moreover, Röller & Tombak analyze the two-stage game in light of varying 
market sizes, number of firms participating in the market and the degree to which two product 
markets are segmented. They conclude that FMS technology tends to be sustained when 
markets are large and products are more differentiated. Furthermore, more firms rely on FMS 
technology when markets are concentrated or, in other words, fewer firms participate in the 
market. This is a result of inter-segment competition, enabled by flexible manufacturing 
technology that allows firms to serve multiple markets at once. Thus, when firms adopt FMS 
in highly concentrated markets, competition is still spurred. As a result, profits may not be 
large even though fewer firms participate in the market as highlighted by Röller & Tombak 
(1993). 
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Having outlined the established market structure models, the next section discusses the impact 
of AM technology when revising the underlying assumptions of these analytical models. 
 
 
I.5 Impact of AM on Market Structure Models 
In this section, the key principles of AM as discussed in Section 2 are applied to the market 
structure models which were outlined before. Having shown that AM has significant impacts 
on a firm level in Section 3, we now focus on market structure implications when incumbents 
and entrants can choose to adopt AM to extend the capabilities of conventional FMS. 
 
I.5.1 Product Attribute Address Models & AM 
Referring to the four principles of AM as introduced in Section 2, we argue that AM is a 
versatile manufacturing machine that enables direct manufacturing of digital 3D models 
without any tools or molds. Moreover, AM leads to an increase in manufacturing flexibility, 
enabling firms to fulfill individual needs with customized products. The ease of product 
changeovers without the need for tools or molds, the potential reduction of required manual 
intervention and the elimination of assembly steps are all factors that lead to decreases in 
product modification costs. The cost of modifying a base product is a central element in 
product attribute address models outlined before (see Eaton & Schmitt, 1994; Norman & 
Thisse, 1999). As a result, usage of AM technology likely enables firms to produce with 
strong economies of scope in product differentiation as defined by Eaton & Schmitt (1994). 
Thus, the producer could serve the entire product attribute space with one base product. 
Furthermore, sunk costs associated with the development of new products might be lower 
with AM. As a versatile manufacturing machine capable of transforming a digital 3D model 
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into a physical product, AM helps to lower iteration costs during the product innovation 
process. 
 
 
Figure I.2: Production costs, market price and profits without/with AM entrant in the product attribute address model. (For 
the two figures on the left hand side “No AM” see Eaton & Schmitt, 1994). 
 
Figure I.2 provides an illustrative example of the effects of AM on the product attribute 
address model as described by Eaton & Schmitt (1994). First, it outlines the original model 
with either three independent firms or two merged firms j and h on a section of the product 
attribute space with three base products Xi, Xj and Xh. The incentive for mergers arises from 
the additional profit that can be earned. Moreover, the figure shows the impact of AM on 
market structure. We simulate an entrant with AM technology by setting the costs of modifi-
cation to zero while the marginal production costs of AM are greater than those of FMSs and 
dedicated manufacturing technology. This entrant is able to cover the entire product attribute 
space on entry into the market and faces one-time sunk costs for the necessary resources and 
development efforts. Production costs for the AM entrant are chosen in a way that she can 
serve certain market segments. Therefore, marginal production costs with AM are lower than 
the costs for modifying a base product with FMSs for some segments within the product 
Xi Xj Xh
Xi Xj Xh Xi Xj Xh
Xi Xj Xh
Xi Xj Xh
: Incumbents’ profit
: Marginal production cost with conventional FMS
: Market price
: Increased profit for merged firms j and h
: AM entrant’s profit
: Profit loss of incumbents
: Marginal production cost with AM
Three independent firms Merged firms j and h
No AM With AM entrant
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attribute space (see the dark gray areas in Figure I.2). Thus, the entrant can sell a product in 
these segments at a price between its own marginal cost of production and the second-
smallest marginal cost of producing that product.
20
 Incentives for entry with AM technology 
exist if expected profits exceed the sunk costs for market entry. The effects on the market 
would be as follows: markets prices decrease because the marginal cost of production with 
AM technology is the upper-price barrier in market segments in which the AM entrant is not 
the cost leader. Thus, incentives for mergers or cartelization between the incumbents are also 
reduced (as illustrated in Figure I.2, the increased profit for merged firms j and h cannot be 
achieved after AM entrant). Firms with non-AM technology could only increase market 
shares by producing additional base products, while abandoning base products can only lower 
profits. Incentives for further entrants with AM could exist if technology advancements lead 
to lower marginal costs of production and, thus, reduced market prices. Any additional AM 
entrant with higher production efficiency (lower marginal production costs) would set the 
upper-price barrier to the second most efficient AM producer across the entire market 
segments. With decreasing marginal cost of production, other costs become predominant, 
particularly supply and delivery costs. For example, local production close to the buyer’s 
location could determine cost advantages if transportation costs for the delivery of the end 
product are extensively high and exceed the sourcing costs of necessary raw materials (Brody 
& Pureswaran, 2013; Kleer & Piller, 2013). Hence, we propose: 
Proposition 2: Entry of manufacturers using AM technologies will lead to lower mar-
ket prices as the entrant lowers the upper price barrier. 
                                                 
20
 An implicit assumption is that consumers’ reservation price is sufficiently large. Moreover, we assume that the 
producer’s marginal cost of modifying the base product is lower than the consumers’ marginal disutility of 
distance to its most preferred good  𝑟    . As a result, all goods within the attribute space are offered. We 
define the consumers’ utility as     𝑝      − 𝑝   −    −    , where   is the reservation price for the 
most preferred good   , 𝑝    is the market price of good   and   is the marginal disutility of distance to its most 
preferred good (Eaton & Schmitt, 1994). 
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Proposition 3: In a market where many firms have adopted AM, the competitive posi-
tion is determined by other costs than manufacturing costs; in particular, procurement 
and delivery costs. If delivery costs for finished goods exceed procurement costs for 
raw materials, local production close to the customer becomes beneficial. 
 
When we apply AM technology’s characteristics to the model and findings of Norman & 
Thisse (1999), the main impact pertains to the costs of re-anchoring products. AM’s key 
principles include “customization and flexibility for free” and “complexity for free”; thus, 
AM theoretically allows infinite product variety and product design changes at no cost penalty 
in manufacturing—so re-anchoring costs would become smaller when translated into 
Norman’s & Thisse’s terms. The price mechanism follows the results from the example 
illustrated in Figure I.2, while entry deterrence with AM technology is only possible until a 
new AM entrant begins serving the market at lower marginal production costs. Norman & 
Thisse (1999) also assume that marginal production costs are equal for dedicated technology 
and FMSs; however, AM would most likely lead to higher marginal costs of production than 
dedicated manufacturing technology or conventional FMSs—at least for the base products 
and its direct surrounding in the attribute space (until customization/modification costs with 
FMSs offset the initial cost advantage compared to AM). This is also taken into account in the 
illustrative example of Figure I.2. Nonetheless, even if some market players adopt AM 
technology, there may still be room for single entrants that produce niche products with 
dedicated manufacturing technology, as Norman & Thisse argue. Hence, we propose: 
Proposition 4: In a market with high AM penetration, incumbents lose their strategic 
advantage of locally cutting prices to deter market entrance. 
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Figure I.3: Economies of scale and its impacts on the product attribute address model with AM entrant (Cf. Eaton & 
Schmitt, 1994). 
 
Product attribute address models value AM technology’s advantage in flexibly producing 
individualized products to meet consumers’ tastes within the attribute space. Nonetheless, 
certain model restrictions limit the validity of AM technology’s impact. First, these models do 
not consider differences in market size and therefore do not include the effects of decreasing 
marginal costs with higher production output. While only negligible economies of scale occur 
with AM-based production, per-unit costs with non-AM technology usually decrease with 
higher outputs. As a result, the larger the production output, the less competitive AM becomes 
because per-unit production costs of conventional FMS decrease (the cost curve for conven-
tional FMSs is adjusted downward as illustrated in Figure I.3). Thus, at a certain level of 
economies of scale, profits of the AM entrant would completely diminish (in the case of ‘high 
economies of scale’ in Figure I.3), eliminating incentives for market entry with AM. Second, 
product attribute address models do not consider differences in the output of production 
technologies related to the quality of produced parts, order fulfillment times or material 
constraints that may hinder participation in certain markets. Today, AM technology might 
entail some of these downsides compared to conventional manufacturing technologies as 
discussed before. This in turn, could be incorporated into the product attribute model as a sort 
of disutility perceived by customers. Further, the models do not take into account capital costs 
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related to the acquisition and setup of machinery or working capital requirements, which 
limits comparability between conventional FMSs and AM-based production. This trade-off in 
technology choice would need to be resolved at firm level; our discussion of a firm’s payoff 
function in Section 2 helps navigate through potential impacts of an investment in AM 
technology and supports decision-making. Finally, the analysis within the product attribute 
address model is limited to manufacturing costs; nevertheless, product modifications still 
cause efforts in upstream processes (e.g., product design, testing). These may be less expen-
sive when using AM, but they still exist. Again, our assessment of a payoff function in 
Section 2 helps understand these interdependencies. 
 
I.5.2 Game-Theoretic Models for Technology Choice & AM 
We now turn to the effects of AM on the outcome of the multi-stage game-theoretical models 
presented before and discuss the market structure implications when assessing the work of 
Röller & Tombak (1993) and Chang (1993). Several common assumptions in the game-
theoretic models for technology choice do not necessarily hold when firms adopt AM 
technology. First, marginal costs of FMSs and dedicated manufacturing technology are 
assumed to be equal. As discussed previously, marginal costs of AM technology are frequent-
ly higher than those for conventional FMSs and dedicated manufacturing systems because of 
relatively expensive raw materials and high energy needs. Second, these models assume that 
fixed costs associated with the implementation of conventional FMSs are larger than those for 
dedicated manufacturing technology. With AM, this assumption needs to be assessed in light 
of market size and firms’ production output volumes. AM is a versatile manufacturing 
machine that is capable of direct digital manufacturing without the need for up-front invest-
ments in machine setups, tools or molds. Therefore, the production of low volumes could be 
less capital intensive with AM technology. Moreover, multiple markets could be served at 
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once allowing firms to distribute their fixed costs over these markets. Therefore, coming back 
to the central arguments of Röller & Tombak (1993), we argue that the effective difference in 
fixed costs between flexible and dedicated manufacturing technology becomes smaller when 
adopting AM. As a result, the proportion of firms with AM would be larger than the propor-
tion of firms with conventional FMS when effective fixed costs for AM are lower due to its 
distribution over multiple markets. This also means that another central argument of Röller & 
Tombak finds support if AM allows participation in multiple markets: in spite of a larger 
proportion of firms adopting AM in more concentrated markets, profits can still decline as a 
result of increased inter-segment competition. Hence, we propose: 
Proposition 5: With higher penetration of AM technology, competition will increase as 
AM technology enables manufacturers to offer a broad product range, resulting in in-
ter-segment competition. 
 
Nonetheless, there is still a trade-off: economies of scale can lead to substantially lower 
marginal costs of production with FMS or dedicated manufacturing technology compared to 
AM. Therefore, the larger the production volume for a certain product variant, the less 
beneficial AM becomes. Thus, in large markets with little demand heterogeneity (product 
differentiation) and high concentration, conventional manufacturing technologies would 
remain predominant. Hence, we propose: 
Proposition 6: In large markets where heterogeneity of demand is rather low, dedicat-
ed manufacturing technology that involves large economies of scale remains superior 
to employing AM technology. 
 
As argued by Chang (1993), the adaptation of more flexible manufacturing technology can 
also bear a strategic rationale: incumbents may increase their product design flexibility to 
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deter market entry. In the “zone of strategic flexibility”, an incumbent holds excess flexibility 
when threatened by a potential entrant (compared to the absence of a potential entrant). In this 
regard, AM could help incumbents preserve their market dominance because it facilitates the 
adjustment of production output to meet fluctuating customer demand because it is a versatile 
manufacturing machine that does not involve switching costs. Thus, when adopting AM 
technology, incumbents face less mobility barriers in serving different market segments 
(Caves & Porter, 1977). This in turn signals potential entrants that newly available market 
segments can quickly be served by the incumbent which makes entrance less attractive. 
Moreover, economies of scope in the incumbents’ value chain (i.e., marketing, procurement) 
may further facilitate entry deterrence. Hence, we propose: 
Proposition 7: In markets characterized by high uncertainty and fluctuation of prod-
uct demand, incumbents adopting AM technology will dominate the competition with 
new entrants due to economies of scope in marketing and procurement. 
 
 
Extant game-theoretic models for technology choice limit their scope on the inclusion of fixed 
and marginal costs of production. Nonetheless, as in the product attribute address models, 
economies of scale and costs related to quality assurance and order fulfillment times are not 
reflected in the models’ design. Moreover, product differentiation is not thoroughly consid-
ered in the multi-stage game-theoretic models for technology choice. Röller & Tombak 
(1993) conceptualize manufacturing flexibility as the ability to participate in two markets of 
different products, but they do not consider any further product differentiation with price 
premiums in meeting specific consumer tastes. Chang (1993) incorporates fluctuating 
consumer tastes but limits its scope on intertemporal aspects. 
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In summary, we show that existing market structure models can be used to discuss effects of 
AM technology, even though these models were originally developed to discuss investment 
decisions in either dedicated manufacturing systems or conventional FMSs. Slight adjust-
ments of the models reflecting AM technology’s characteristic as an enhanced flexibility 
option, however, lead to significant changes in the outcomes as described in the propositions. 
Although the models do not incorporate all dimensions affected by the adoption of AM, our 
assessment outlines market structure implications in a manufacturing environment character-
ized by AM’s key principles of versatility, free customization and complexity and the 
capability of producing integrated functional designs in one step reducing manual assembly 
work. 
 
 
I.6 Conclusion and Implications for Future Research 
As Stigler (1939) proposes, flexibility is not a free good: with certain demand and uniform 
products, there is no value in increasing the flexibility of manufacturing processes. However, 
if the market environment is characterized by uncertainty, high product variety or fluctuating 
consumer tastes, those firms equipped with flexible manufacturing technology may obtain a 
competitive advantage. Therefore, identifying the applications for which the benefits of AM 
can best be converted into additional value for producers and customers is crucial. AM 
technology offers new opportunities in the market: innovation is potentially spurred with 
lower development costs, shorter time to markets and lower capital intensity, while produc-
tion is characterized by flexibility and manufacturing of highly individualized products at no 
cost penalties and with little manual assembly work. AM technology has the potential to 
disrupt even relatively mature markets, as the initially discussed example in the footwear 
industry shows: established firms speed up their product innovation process or use AM to 
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directly produce shoes with new design features, while new entrants offer innovative products 
based on customization strategies. These entrants face little barriers when using AM technol-
ogy, while customization of the products is done without cost penalties in manufacturing 
(Jopson, 2013). We also pointed out that AM technology is rather adopted in niche markets 
with overall lower economies of scale. This is why markets for which AM is in use are 
typically characterized by (i) small production output (e.g., prototyping applications), (ii) high 
product complexity (e.g., lightweight constructions in the aerospace industry), (iii) high 
degree of product customization tailored to customers’ needs (e.g., medical/dental implants, 
prostheses or jewelry), or (iv) spatially remote demand for products (e.g., decentralized 
production of replacement parts in the mining industry). 
 
AM extends features of conventional FMSs. We identified four key principles of AM that 
essentially capture its characteristics. First, AM is a universal manufacturing machine that can 
directly transform a digital 3D model into a physical product. Second, customization and 
flexibility are free—no tools or molds are required—while product designs and volumes can 
be altered without a cost penalty in manufacturing. Third, complexity is free because addi-
tional design complexity and product variety do not incur additional costs in manufacturing. 
Fourth, assembly efforts are potentially reduced when producing functionally integrated 
products with AM. 
By assessing each dimension of the payoff function introduced by Milgrom & Roberts (1990), 
we showed that a manufacturing firm can increase its profits in a monopolistic setting by 
producing individualized products (while potentially achieving a price premium) at lower 
costs. We also analyzed how AM’s key principles affect the underlying assumptions of 
existing market structure models. Table I.6 summarizes the main effects of AM’s key 
principles on a manufacturing firm’s payoff function and market structure models. 
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Our analysis proposes that markets are characterized by a higher degree of flexibility, leading 
to more product variants available on the market. Because capital cost requirements before the 
start of production are reduced, market entry barriers become smaller, leading to more 
contestable markets overall. Product attribute address models indicate that AM technology 
leads to strong economies of scope in product differentiation. A producer equipped with AM 
is capable of serving the entire market once entered. As a result, markets provide greater 
product variety while consumers receive their most preferred goods. Moreover, market prices 
and incentives for mergers or cartels are potentially lowered. Game-theoretical models for 
 
Table I.6: Key principles of AM and their potential effects on a manufacturing firm’s payoff function and market structure 
models. 
Versatile 
manu-
facturing
machine
Custom-
ization and 
flexibility
for free
Complexity 
for free
Reduction of 
assembly 
work
AM key
principles
• AM enables strong economies 
of scope in product 
differentiation
• Market can be served along 
entire product range once 
entered
• High product flexibility 
allowing to serve entire market 
without cost penalty
• Customers can all be served 
with most preferred good 
while market prices can be 
lowered
• Negligible modification and 
re-anchoring costs of base 
product: higher variety can be 
offered
• Higher product variety without 
additional costs
• Negligible modification and 
re-anchoring costs of base 
product
• May reduce marginal costs for 
production of assembly-
intensive products
• Versatility enables firms to 
produce customized products 
upon demand
• Total capital costs could be  
lower because product 
changes do not involve one-off 
costs
• Customized products can be 
offered without penalties in 
manufacturing potentially 
resulting in price premium
• No time penalties for 
customization resulting in 
higher demand per product
• Product improvements and 
design changes can be done 
without cost penalties in 
manufacturing resulting in 
higher demand per product
• Higher design complexity 
without capital cost impact
• Total order processing time 
can be reduced
• Less defective batches due to 
less manual work requirements
Payoff function as defined by 
Milgrom and Roberts (1990)
• Multiple, highly differentiated 
markets can be served at once; 
allowing split of fixed costs
• Less mobility barriers in 
serving more market segments 
may lead to increased 
competition
• Participation in different 
market segments enabled, high 
incentives to increase 
flexibility
• Production is adjustable to 
fluctuating customer 
preferences
• Incentives to raise a firm’s 
degree of flexibility are 
increased as long as 
economies of scale do not lead 
to massive cost advantages of 
non-AM technology 
• May reduce marginal costs for 
production of assembly-
intensive products
Product attribute address 
models
Game-theoretic models
for technology choice
Effects on market structureEffects on payoff function
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technology choice also demonstrate that AM enables firms to serve multiple market segments; 
mobility barriers related to the technology investment become smaller. Manufacturing firms 
that increase their flexibility with AM are capable of serving fluctuating customer preferences 
while also strengthening their market dominance over time. Both types of market structure 
models offer insights into the potential effects when firms adopt AM technology to enhance 
their manufacturing flexibility. 
Nonetheless, they have certain limitations. First, several cost dimensions are not reflected. In 
particular, capital costs for the acquisition of the technology and up-front investments for 
setting up production (e.g., tools, molds) can significantly vary among conventional FMSs, 
dedicated manufacturing technology and AM systems. However, the discussion of different 
elements in a firm’s payoff function in Section 2 helps navigating through those investment 
decisions. Further, per-unit production costs depend on a firm’s production output. As a result 
of economies of scale, large-scale production tends to be less costly with conventional FMSs 
and dedicated manufacturing technology as we identified in before. Other costs related to 
quality and production time requirements are not incorporated in the original models either. 
Nonetheless, our discussion based on slight adjustments of the models’ assumptions illustrates 
AM technology’s impact in this regard. Second, material constraints with AM technology 
may prevent firms from entering certain product markets. The choice of the right production 
technology remains a trade-off that needs to take into account all cost dimensions, technologi-
cal constraints and the manufacturing firm’s strategy. Moreover, firms need to precisely 
determine whether they can increase their producers’ rent by skimming higher willingness to 
pay when meeting consumers’ tastes with customized products before investing in enhanced 
manufacturing technology such as AM. 
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Directions for future research include enhancements of existing models regarding a manufac-
turing firm’s payoff function and overall market structure as outlined previously. Existing 
market structure models discuss investment decisions as a choice between dedicated manufac-
turing technology and FMSs, failing to reflect all characteristics of AM. We outlined these 
characteristics in Section 2 and analyzed their effects on manufacturing firms in Section 3. In 
our assessment in Section 5, we showed that even slight modifications reflecting AM’s 
characteristic as a more advanced flexibility option lead to significant changes in the market 
structure models’ outcome. Therefore, it is vital for future research to further refine or 
develop market structure models that sufficiently incorporate AM’s characteristics. In 
particular, these models should better incorporate the cost dimensions related to the introduc-
tion of AM technology, such as assembly efforts, quality and production throughput speed. 
However, technological constraints such as available materials for AM may also limit relevant 
industrial markets and should be taken into account. Nonetheless, current research activities 
give reason to presume that AM technology will further gain maturity and larger industrial 
penetration. 
 
Future research should also gather empirical evidence on AM’s impact on producers and 
markets guided by the propositions derived from our theoretical and conceptual work. First, it 
is imperative to better quantify AM’s implications on production-related costs as well as on 
up- and downward transactions along the supply chain. Empirical work would likely indicate 
that the effects of AM on production costs highly depend on distinct applications and use 
cases. Second, research should gather empirical evidence on the technology’s applications and 
its value-added. For example, which market demands can be fulfilled, and what potential 
price premiums can be achieved with the product design freedom gained through AM 
technology? To what degree are consumers willing to co-design 3D product models, given the 
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greater degree of design freedom gained through AM technology? In light of the notion that 
consumers become increasingly identical with local producers where digital product designs 
are easily shared with one another while local AM technology allows to inexpensively 
transform these into physical products, to what degree does such a “democratized manufactur-
ing” disrupt existing market structures, and what are the implications for manufacturing firms? 
Future research has to show. In this context, IP rights for digital product designs are of 
particular interest for policy makers since they may protect economic interests of innovating 
organizations or professionals while innovations arising from open communities (i.e., 
“makers”) or lead users may be hindered (Harhoff et al., 2003; von Hippel, 2005). 
As already proposed by Milgrom & Roberts (1990), coordinated, cross-functional decisions 
along a company’s value chain are necessary to efficiently leverage AM as a new source of 
modern manufacturing. Beyond production management, this new technology has implica-
tions on adjacent research streams; therefore, a cross-discipline approach is required. In 
particular, the innovation management research should incorporate AM as a technological 
driver that influences (i) the way firms develop new (customized) products, because prototyp-
ing and total product development costs are likely to be decreased, and (ii) principles of user 
innovation, because users get access to local manufacturing resources. Moreover, decision 
makers in production management and marketing need a framework that can simplify the 
complexity driven by the various trade-offs when investing in AM technology. 
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Research Paper II: 
The Value of Higher Co-Design Freedom: 
Product Customization with 3D Printing 
II. Abstract 
Additive manufacturing (AM) technology, or colloquially “3D printing”, opens new opportu-
nities in product customization because (i) fewer design restrictions are involved by building 
objects layer upon layer and (ii) customization does not cause cost penalties in manufacturing. 
This is why AM allows to efficiently offer “full customization” with continuous (stepless) 
adjustments of product attributes. To analyze if this “full customization” approach is a source 
of value creation, we compared it to conventional (modular) mass customization (MC) 
offerings. We empirically assessed consumers’ perceived product value for full customization 
available with AM (continuous adjustments) and conventional MC (modular choices) in two 
studies. We further identified drivers for consumers’ perceived product value of customized 
products. In Study 1, we assessed the value increment of enhancing customization in a 
simulated online buying process of a customizable espresso cup. In Study 2, we again let 
consumers state their perceived product value for an espresso cup but in a real experimental 
setup. We found that full customization led to significant value upsides in Studies 1 and 2. 
When steplessly adjusting product attributes, WTP was between 50-68% higher than the 
conventional MC offerings at an aggregated level. Moreover, we found that participants’ 
characteristics largely affected WTP. Further, we deduct theoretical as well as managerial 
implications and outline future research directions. 
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The Value of Higher Co-Design Freedom: 
Product Customization with 3D Printing. 
 
II.1 Introduction and Motivation 
Additive manufacturing (AM) technology, or colloquially “3D printing”, has been hyped as a 
disruptive technology that largely impacts value creation (Berman, 2012; The Economist, 
2011, 2012; Vance, 2012). In short, AM refers to “[…] the process of joining materials to 
make objects from 3D model data, usually layer upon layer […]” (ASTM International, 
2012). While there are still several technology-related limitations (e.g., accura-
cy/reproducibility, surface finish, availability of printable materials), AM technology’s 
capability of enabling decentralized production, reducing assembly efforts and increasing 
design complexity as well as product variety without additional costs in manufacturing has 
frequently been highlighted (Anderson, 2012; Atzeni, Iuliano, Minetola, & Salmi, 2010; 
Atzeni & Salmi, 2012; Berman, 2012; Brecher, 2012; Lipson & Kurman, 2013; The Econo-
mist, 2011, 2012). In particular, numerous scholars argue that AM technology offers new 
opportunities in product customization. Some call it the impetus for enhancing conventional 
mass customization (MC) approaches to a “true mass customization” approach (Atzeni et al., 
2010, p. 309; Hague, Campbell, Dickens, & Reeves, 2001, p. 626) or "full customization for 
the individual" (Tuck et al., 2008, p. 247)—which seems to be justified when considering the 
high design freedom that AM enables. While conventional manufacturing technologies 
demand restrictive design rules (“design-for-manufacture”), product designers experience 
much higher design freedom with AM (Hopkinson et al., 2006). Further, customization with 
AM does not induce cost penalties in manufacturing because neither tools nor molds are 
needed with AM’s layer manufacturing principle (Atzeni et al., 2010; Berman, 2012). 
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There is a growing number of customization offerings as a response to a shift in consumer 
demand. It has been empirically shown that consumers increasingly demand niche products 
tailored to their specific needs leading to the so-called “long tail” (Anderson, 2006) in the 
distribution of sales (Anderson, 2006; Brynjolfsson et al., 2011, 2006; Elberse, 2008). This 
phenomenon has been observed in different markets: for example, the offering of books at 
Amazon that are not available in conventional brick-and-mortar stores has significantly grown 
between 2000 and 2008, accounting for 37% of Amazon’s sales in 2008 which is five times 
higher than in 2000 (Brynjolfsson et al., 2010).
21
 Digital products (i.e., music, video) are 
typically characterized by a long tail in the distribution of sales because marginal costs for 
production and distribution approach zero—this is why, for example, millions of music 
albums can be purchased at Apple’s iTunes store while offline stores usually offer about 
15,000 titles (Elberse, 2008). 
Customization offerings aim at serving unfulfilled heterogeneity in the long tail of demand 
(Kumar, 2007). Conventional MC offerings are usually based on a modular product architec-
ture limiting the customers’ freedom of choice in customization offerings (Wang, Chen, Zhao, 
& Zhou, 2014). Now with AM technology, “true design freedom” (von Hippel, 2001, p. 248) 
can economically be offered in a full customization offering in which product attributes can 
be steplessly adjusted to customers’ needs. In the absence of cost penalties for customization 
(no expenditures for tools or molds, low set-up costs) AM technology enables producers to 
serve single niches in the long tail with tailored (physical) products (Berman, 2012; Rayna & 
Striukova, 2014). 
 
                                                 
21
 It is likely that the share of books which is not available at brick-and-mortar stores even increased due to 
increased availability and consumption of e-books as well as print-on-demand technology for books over the last 
years (C. C. Miller & Bosman, 2011). 
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Given this trend on the market demand side on the one hand, and the advent of AM as a 
technology that enables enhanced customization on the other hand, this article discusses 
consumers’ perceived product value and its underlying drivers for product offerings with 
different degrees of customization. Thereby, the highest degree of customization (full 
customization: a stepless adjustment of product design parameters) is enabled by AM 
technology. Thus, in this article we focus on the following research questions: 
1. Does the additional degree of customization available with AM (“full customization”) 
lead to higher perceived product value compared to conventional customization offer-
ings (“modular customization”)? 
2. What are underlying drivers that explain consumers’ perceived product value of dif-
ferent customization offerings? 
3. In particular, what is the influence of consumers’ characteristics on perceived product 
value? 
4. Is there a discrepancy in perceived product value and its drivers in a real experimental 
setup compared to a simulated buying process?  
 
Contributions of this article are as follows: we identified consumers’ perceived product value, 
their willingness to pay (WTP) as well as their purchase intentions for highly customized 
products available with AM technology and compared these with conventional MC offerings 
(and a standard product in Study 1). In doing so, we deliver facts to substantiate discussions 
on AM’s capabilities and economic implications apart from the current “3D printing hype”. 
Thus, this study discusses and compares value creation of different customization approaches 
in light of state-of-the-art AM technology; enhancing conventional MC’s theoretical scope to 
a “true” or “full customization” approach. Further, practitioners in manufacturing and 
marketing get insights in how to best use AM technology’s capabilities in customization 
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offerings. Marketers are informed about the value increment of different customizable product 
attributes, and how AM production technology could be an enabler of an enhanced customiza-
tion strategy targeting at specific niches in the long tail of product demand. 
 
This research article proceeds as follows: having outlined motivation and research questions 
we give a brief literature review on the key concepts that build the basis of our hypotheses in 
Section 2. Then, we present our research design and describe the two experiments in Section 3. 
In Section 4, we analyze the results of our two studies. Then, we discuss our findings and 
identify theoretical as well as managerial implications in Section 5. Finally, we outline 
limitations and give directions towards future research in Section 6. 
 
 
II.2 Literature Review and Hypotheses Development: Value Creation with 
“Full Customization” 
In this section, we give a brief overview of the relevant theoretical concepts and derive 
testable hypotheses that motivate our research. 
 
II.2.1 Product Customization as a Means to Address the Long Tail of Product Demand 
Anderson (2006) first coined the term “long tail” referring to the distribution of product 
demand that increasingly shifts from a limited number of mainstream products and markets 
(“hits”) to a much larger number of niche offerings. This is the result of customers who more 
and more ask for products tailored to their individual needs leading to this longer tail in the 
distribution of sales (Brynjolfsson et al., 2011, 2006). This phenomenon has been observed in 
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different markets such as movies, music or books (Brynjolfsson et al., 2010; Elberse, 2008).
22
 
This change in product demand patterns is illustrated in Figure II.1 and represented by the 
shift in the product demand curve which “flattens the long tail”—thus, more niche products 
will be demanded. Ultimately, the markets for niche products is supposed to exceed the one 
for hits (Anderson, 2006). 
 
 
Figure II.1: Long tail of product demand. (Adopted from Elberse, 2008). 
 
Brynjolfsson (2006) proposes certain demand and supply factors which drive these effects. 
Drivers on the demand side lead to a reduction of search costs for customers, facilitating the 
choice of their favorite niche product in the long tail. The reduction of search costs is a result 
of advanced search and recommendation tools in online shopping environments (Brynjolfsson 
et al., 2011). While information and communication technology (ICT) has often been referred 
to as a driving force of demand-side factors (Anderson, 2006; Brynjolfsson et al., 2006; 
Elberse, 2008; Kumar, 2007), the advent of AM as an innovative production technology is 
likely to fuel the supply-side.
23
 
                                                 
22
 Nonetheless, Elberse (2008) also points out that producers and retailers should not radically change their 
strategy to serve niche products only, as long as they have capabilities to successfully cater “blockbuster” sales. 
23
 Other drivers on the supply side include reduced inventory storage and distribution expenses. The reduction of 
these expenses is due to the adoption of online commerce (rather than brick-and-mortar stores), make-to-order 
Products
Sales/Popularity
Standard demand curve
Growing demand for
niche products flattens
demand curve
Hits
Niche products
Research Paper II: “The Value of Higher Co-Design Freedom: Product Customization with 3D Printing” 119 
 
Unfulfilled heterogeneity in the long tail of product demand can be addressed with product 
customization offerings (Kumar, 2007). When customers are able to express their personal 
preferences in tailored products, transactions become more likely and perceived product value 
frequently increases (Bertini & Wathieu, 2012; Gilmore & Pine, 1996; Pine, 1999; Pine et al., 
1995). It has been shown that MC is an effective strategy to offer customized products at 
“near mass production efficiency” (M. M. Tseng & Jiao, 2001, p. 685). Piller (2004, p. 315) 
defines MC as the “[c]ustomer co-design process of products and services, which meet the 
needs of each individual customer with regard to certain product features. All operations are 
performed within a fixed solution space, characterized by stable but still flexible and respon-
sive processes.” This is a suitable definition for this article since it focuses on the customer 
co-design process as a key element of MC. Co-design describes the integration of customers 
into value creation by enabling them to directly configure individual solutions, often support-
ed by dedicated toolkits (Piller et al., 2005; Schreier, 2006; von Hippel, 2001). Co-design is a 
collaborative process with interactions between firms and their customers; thus, a high level 
of customer involvement is frequently required to be successful (Lee & Chang, 2011). MC 
definitions are mostly centered on the customers and the satisfaction of their individual needs 
while striving for efficiency in solving the complexity of a higher product variety (Jiao, Ma, 
& Tseng, 2003).  
Customization approaches target at highly differentiated markets. Thus, practitioners need to 
design their customization offering so it best fulfills diversified customer needs (Piller, 2004). 
This task is called solution space development; generically defined as “[…] the ability to 
identify the product attributes along which customer needs diverge” (Salvador et al., 2009, p. 
73). Traditionally in a mass production context, firms serve homogeneous markets; this is 
                                                                                                                                                        
production (rather than make-to-stock), and digital delivery (rather than physical distribution of products) 
(Brynjolfsson et al., 2006). 
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why product portfolios are aligned to serve a maximum amount of customers characterized by 
common needs (Piller, 2004; Salvador et al., 2009; Steiner, 2014). Thus, most of current 
market research methods aim at identifying commonalities among target groups and identify 
the best ‘average’ customer in order to align their product offering (von Hippel & Katz, 2002). 
This is why solution space design in customization offerings is a particular challenge for 
practitioners (Harzer, 2013; Steiner, 2014). 
When designing the solution space of a customization offering, technical feasibility needs to 
be considered. Thus, solution space design is constrained by the capabilities of a firm’s 
production system which, in turn, limits customers’ freedom of choice in customization 
offerings (von Hippel, 2001). Firms need to decide whether to base their customization 
offering on a modular (discrete options) or a continuous (continuum of options) approach 
(Steiner, 2014). With conventional manufacturing systems, customizers strive to realize 
economies of scale for each of the product’s modules (“near mass production efficiency”; M. 
M. Tseng & Jiao, 2001, p. 685). Consequently, customization is limited to a predefined set of 
options usually based on a modular product architecture (M. M. Tseng & Jiao, 2001; von 
Hippel, 2001). Now with AM technology, a continuous adjustment of product attributes 
becomes economically feasible on a larger scale (without involving handcraft), breaking with 
limitations of conventional manufacturing technology (Berman, 2012). Thus, “true design 
freedom” (von Hippel, 2001, p. 248) can eventually be offered to customers when employing 
AM technology and appropriate user toolkits. With AM technology, customers can be 
supplied with enhanced customizability of products without cost penalties in manufacturing 
(Berman, 2012; Lipson & Kurman, 2013). Today, there are already some online platforms 
that implemented AM technology to directly produce co-designed products, partly with 
enhanced customization features such as e.g., individualized medals, trophies and jewelry 
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(www.twikit.com), or customizable décor and houseware products (dedicated customization 
apps on www.shapeways.com).  
 
 
Figure II.2: Conceptual comparison between product offerings of mass producers, mass customizers & “full customizers”. 
 
Figure II.2 conceptually compares different product offerings: (i) a mass-produced standard 
product, (ii) a conventional (modular) MC approach, and (iii) a full customization approach. 
The product offerings and the corresponding solution spaces are defined by the configuration 
of two product attributes. The inner circle would describe highest demand for certain combi-
nations of the two attributes, demand decreases towards the outer circles. A mass-produced 
standard product would be offered in a configuration within the inner circle to eventually 
target the highest product demand level (“hits”). A conventional MC approach would serve 
distinct product variants by offering modular choices along each attribute. AM enables 
continuously customizable products which can be steplessly adjusted along the two attributes 
(between a minimum and maximum threshold) ultimately leading to infinite product variety. 
Thus, with continuous adjustments of attributes customers would need to accept fewer 
compromises. As a result, individual needs of the customers could be better met, potentially 
resulting in higher perceived product value (Abdelkafi, 2008; Hermans, 2012; Schreier, 2006). 
  
/ : Product offering : Demand level
Product demand
“Mass producer”
Hit products
“Mass customizer"
Modular choice in BOM
“Full customizer”
Stepless adjustments of attributes
Attrib. 2
Attrib. 1
Attrib. 2
Attrib. 1
Attrib. 2
Attrib. 1
Attrib. 2
Attrib. 1
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II.2.2 Customer Benefits Derived from Customization 
II.2.2.1 Value Dimensions of Customized Products 
It has been shown in the MC research that customization of products can increase perceived 
product value and, thus, WTP (Franke & Piller, 2004; Franke et al., 2010; Merle et al., 2010; 
Schreier, 2006). The increase in perceived product value is the result of individual benefits 
which can be either product or process-related. In each of these dimensions, benefits can be of 
utilitarian or hedonic nature. Thus, customization creates value for customers if hedonic and 
utilitarian benefits outweigh acquisition, search and evolution costs (Ihl, 2009). The MC 
research regularly uses specific scales to address these dimensions (Franke & Schreier, 2010; 
Franke et al., 2010; Ihl, 2009; Merle et al., 2010): 
I. Preference fit: product-related utilitarian benefit that customers perceive when a prod-
uct’s characteristics (design, features) match their individual requirements. 
II. Uniqueness value & pride of authorship: product-related hedonic benefits that cus-
tomers perceive when a customized product constitutes a piece of differentiation and 
makes the customer pride of being the creator of the customized product.  
III. Reduction of process complexity, effort and risk: process-related utilitarian benefit that 
customers perceive when the co-design process reduces search and evaluation costs re-
lated to the product choice.  
IV. Process enjoyment: process-related hedonic benefit customers perceive when the co-
designing activity of customizing a product constitutes an enjoyable, rewarding, and 
fun activity (“I designed it myself effect” as coined by Franke et al. (2010)). 
 
The value of a product is described as a measure of its worth in a specific social context 
(Baldwin & Clark, 2000). Thereby, perceived product value refers to the value expected by a 
customer before the actual use of the product (Rindova & Petkova, 2007). Scholars have 
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highlighted that both, product and process-related benefits have positive effects on perceived 
product value of customized products. Offering customizable products can lead to significant 
value increases compared to standard product offerings (Franke & Piller, 2004; Franke et al., 
2010; Merle et al., 2010; Schreier, 2006). In this regard, AM is an exciting technology. AM 
impacts customization offerings in product and process dimensions. Product attributes can be 
continuously adjusted. Thus, products are potentially better tailored to individual require-
ments (preference fit), while customers could perceive hedonic benefits when acquiring/co-
designing a unique product (perceived uniqueness & pride of authorship). Moreover, the 
customization process changes from a discrete choice of product modules to a continuous 
adjustment of attributes potentially influencing perceived process enjoyment and complexi-
ty/effort. Thus, perceived value of products is likely to be influenced when enhancing 
customization with AM.  
 
Hence, we derive the following hypotheses: 
H1. Increased product customizability (co-design freedom) available with AM leads to 
higher perceived product value. 
H2. Perceived customer benefits (hedonic/utilitarian) in both, product and process 
dimensions, have a positive effect on overall perceived product value. 
 
II.2.2.2 Involvement and Perceived Product Value 
Customers’ characteristics and their attitude towards a product frequently diverge. In particu-
lar, product involvement has been highlighted to influence customers’ buying behavior 
(Franke et al., 2009; Gordon, McKeage, & Fox, 1998; Kaplan, Schoder, & Haenlein, 2007; 
von Hippel, 2005). Generally, product involvement is defined as “[…] a person’s perceived 
relevance of the object based on inherent needs, values, and interests” (Zaichkowsky, 1985, p. 
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342). In a buying context, this object represents a product or product category (Franke et al., 
2009). Thus, personal relevance of a product determines the degree to which customers show 
involvement in a buying situation (Schiffman et al., 2008). This is why costumers with high 
involvement are less willing to accept compromises in their product choices on the one hand, 
while they frequently show extensive information processing efforts (Schiffman et al., 2008; 
von Hippel, 2005). Scholars argue that customers with high involvement in a certain product 
category regularly seek for highest preference fit, show higher consumption frequencies, and 
are more likely to purchase a customized product (Franke et al., 2009; Gordon et al., 1998; 
Kaplan et al., 2007). Continuous adjustments of product design parameters enabled by AM 
technology allow customers to get exactly what they want; no (fewer) compromises need to 
be accepted while preference fit can be maximized when tailoring a product exactly to 
individual needs. However, confronting customers with a higher product variety may lead to a 
more complex purchase decision, resulting in cognitive costs that may outweigh benefits from 
customization (Franke & Piller, 2004; Huffman & Kahn, 1998; Steiner, 2014). As a result, 
customers can get confused when customizing their products in a co-design activity; high 
efforts/cognitive costs are perceived, potentially lowering the perceived net value of the 
customization offering. This is why it is argued that co-design activities require a high level of 
customer involvement in order to perceive a positive net value (Lee & Chang, 2011).  
 
Therefore, we can hypothesize that product involvement has a positive effect on perceived 
product value and moreover, highly involved customers reveal a higher value increment when 
having enhanced product customization available with AM. Hence, we derive the following 
hypotheses: 
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H3a. Consumers with high product involvement show higher perceived product value 
of the customization offerings (modular and full) than consumers with low product in-
volvement. 
H3b. This effect is even stronger for the full customization offering leading to a higher 
value increment when enhancing customization (from modular to full) for consumers 
with high product involvement compared to consumers with low product involvement. 
 
Further, it has been argued that many customers yet have limited experience with customiza-
tion offerings (Piller, 2004). Thus, customers may lack the necessary intuitive understanding 
of how to navigate through the available solution space and benefit from product customiza-
bility (Franke et al., 2009; Simonson, 2005). On the other hand, scholars argue that a positive 
attitude towards customization leads to stronger intention to engage in customization activi-
ties (Lai & Aritejo, 2013). This is why we argue that besides high product involvement, we 
would expect certain customer groups that are further characterized by a positive attitude 
towards customization to accept higher information processing efforts in customizing their 
products which positively influences perceived product value. 
 
Hence, we propose the following hypothesis: 
H4. A positive attitude towards customization has a positive effect on perceived prod-
uct value of the customization offering (modular and full). 
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II.3 Research Design and Method: Consumer Experiments with Different 
Degrees of Product Customizability 
In this section, we give an outline of our research design and present the measures used to 
derive our findings. 
 
II.3.1 Study Design & Procedure 
When trying to identify perceived value for customized products that potentially better meet 
individual needs, there is the issue that true individual preferences are often unknown or differ 
from expressed ones (Franke et al., 2009; Simonson, 2005). Therefore, information on 
individual preferences is frequently “sticky”: it is costly to transfer it from customers to 
producers (von Hippel, 1994). This is why toolkits are a rather inexpensive solution in 
customization offerings to let customers discover and reveal their preferences by being 
directly involved in co-designing their individual product that best meets their needs (von 
Hippel, 2005). Therefore, we used online toolkits for product customization (Study 1: non-
functional mockups; Study 2: functional toolkits) to test our hypotheses. 
 
The choice of the customizable product, its customization features and manipulation were the 
result of workshops with an MC expert group. We chose customizable espresso cups for our 
studies—a product which is frequently used at consumer households and which allows the 
implementation of different degrees of product customizability in toolkits (see Appendix A.2). 
In the introduction to the studies, consumers were explicitly told that technical attributes (e.g., 
quality, surface finish) did not differ between treatments and individual product customiza-
tions. The overall design of Studies 1 and 2 is outlined in Table II.1 while details on the 
experimental setups are presented in the subsequent section prior to the studies’ results. 
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Both studies were conducted with German consumers. In Study 1, we asked a consumer panel 
through a professional market research company.
24
 This panel consisted of a mix of German 
consumers that supposedly represented the online shopping population (aged 18 years or older) 
according to the market research company.
25
 In Study 2, we asked students from RWTH 
Aachen University. This is why, demographical characteristics largely differed between both 
participant groups. 
 
Study 1: 
Mockup-Based Online Experiment with 
Customizable Espresso Cup 
Study 2: 
Real Lab Experiment with 
Customizable Espresso Cup 
Study’s focus 
Identification of a value increment by 
comparing WTP for a standard product 
from an assortment choice, a modular 
product configuration, and a continuously 
customizable product design. 
Identification of a value increment and 
its drivers by comparing WTP for a 
modular product configuration, and a 
continuously customizable product 
design with functional online toolkits in 
a lab environment and binding WTP 
lotteries. 
Test of hypotheses (focus) H1, H2 H1, H2, H3a/b, H4 
Design of study 
Online study in which consumers were 
treated with one of three different stimuli, 
each representing a certain degree of 
product customizability: (i) assortment 
choice (no customizability), (ii) modularly 
customizable product (medium customiza-
bility), and (iii) continuously customizable 
product (high customizability)  
Lab experiment in which consumers (all 
students) were treated with one of two 
different stimuli for which they had to 
state a binding WTP (lottery). The 
functional online toolkits for customiz-
ing an espresso cup were (i) a toolkit for 
modular customization of product 
attributes and (ii) a toolkit for continuous 
adjustment of product attributes 
n 360 (3 treatments x 120) 66 (Treatment 1: 32; Treatment 2: 34) 
% female 56.9% 50.0% 
Age structure (%) 
<18: 
18-25: 
26-35: 
36-45: 
46-55: 
56-65: 
>65: 
  
2.8% 
18.3% 
28.3% 
18.1% 
18.6% 
9.7% 
4.2% 
  
0% 
80.3% 
16.7% 
3.0% 
0% 
0% 
0% 
   
Table II.1: Outline of Studies 1 and 2. 
                                                 
24
 The consumer panel was purchased from a professional market research company (www.ResearchNow.com). 
The service provider’s panels compile with international quality standards (e.g., CASRO, MRS, ESOMAR 28). 
Invitations for survey participation were sent to a target group which is representative for German online buyers. 
Several quality checks were conducted to ensure that (i) consumers did not participate more than once through-
out the two studies, (ii) inconsistent or arbitrary (e.g., zero deviations in answers, exaggerated WTP levels) 
consumer feedback was filtered out, and (iii) “speeders” that largely undercut average survey duration were 
excluded from the dataset. 
25
 However, 2.8% of the participants in Study 1 stated an age of less than 18 years. This might be due to 
discrepancies in the market research company’s database or untrue feedback of the participants. 
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II.3.2 Measurement 
We used different scales from the marketing and MC literature streams to test our hypotheses 
(see Appendix A.1). We measured perceived product value drivers in line with established 
scales from MC literature as introduced in Section II.2.2.1 on a 5-point Likert scale (Franke & 
Schreier, 2010; see Franke et al., 2010; Merle et al., 2010). Thereby, the value driver of 
“reduction of process complexity, effort and risk” is reversely measured and further referred 
to simply as “process effort”. Further, we measured purchase intentions with three estab-
lished items (see Kamis, Stern, & Ladik, 2010; Li & Meshkova, 2013; Pavlou & Fygenson, 
2006) as a control variable on a 5-point Likert scale. For Study 2, we included established 
product involvement items (see Beatty & Talpade, 1994; Cho, 2003; van Rijnsoever, Castaldi, 
& Dijst, 2012) to measure personal relevance of the product to the survey participants. 
Product involvement items were also measured on a 5-point Likert scale. Further, we 
measured the participants’ perceived co-design freedom during the customization activities, 
their attitude towards general customization activities, their novelty-seeking characteristics, as 
well as knowledge of and interest in AM technology in Study 2. Scales revealed high 
reliability with Cronbach’s α between α=.895 and α=.941 in Study 1, and α=.726 and α=.940 
in Study 2. In Appendix A.1 an overview of the items is given. 
 
WTP is frequently used as a measure to quantify a customer’s perceived product value. WTP 
also incorporates the (expected) acquisition costs associated with the product’s purchase 
(Simonson & Drolet, 2004). For our Study 1, we relied on an online experiment with non-
functional mockups of an online shopping process for customizable products. This is why we 
were limited in the choice of feasible measurements. In particular, we had to rely on a non-
binding, hypothetical measurement. Therefore, we chose the contingent valuation method 
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(CVM) to survey WTP.
26
 CVM has also been used to survey WTP in previous product 
customization studies (Franke & Hippel, 2003; Franke et al., 2009; Franke & Piller, 2004). 
We implemented recommendations concerning the survey design: we comprehensively 
introduced the buying process and gave a clear description of the products. Moreover, we also 
collected control variables (i.e., purchase intention). We surveyed WTP with the CVM by 
directly asking consumers “How much would you be willing to pay for your chosen/self-
designed espresso cup?” in line with Mitchell and Carson (1989) allowing positive non-
decimal feedback only. 
In Study 2, we used a lottery to measure WTP. Lotteries have proven to be a reliable measure 
to survey incentive-compatible WTP in buying situations so that participants reveal real 
economic behavior (K. M. Miller, Hofstetter, Krohmer, & Zhang, 2011; Wertenbroch & 
Skiera, 2002). We basically followed the approach of a BDM-lottery (Becker, Degroot, & 
Marschak, 1964; Schreier & Werfer, 2007) with a slight adjustment: having customized their 
individual product, participants had to state their WTP. Participants were informed that they 
had to buy this product at the price of their stated WTP once it exceeded a certain threshold. 
This threshold was set to 7.00 EUR (and not randomly drawn as originally suggested in a 
conventional BDM-lottery
27
) but we did not inform participants about the level of this 
threshold in order to avoid any incentives to over- or understate their WTP (Franke et al., 
2010; Schreier & Werfer, 2007; Simonson & Drolet, 2004; Wertenbroch & Skiera, 2002). 
                                                 
26
 Scholars highlighted that incentives might be missing to reveal real WTP with CVM, leading to potential 
overestimations of product value (Schreier & Werfer, 2007). On the other hand, strategic behavior can be 
eliminated when using a hypothetical measure such as CVM. Scholars argue that CVM delivers reliable results if 
responses generally fit to economic theory, and the products are clearly described and explained prior to 
evaluation (Carson, Flores, & Meade, 2001). Therefore, studies indicate that hypothetical WTP measurement 
with a CVM approach can lead to the same results as in a real choice setup with binding prices (Carlsson & 
Martinsson, 2001). 
27
 The threshold of 7.00 EUR represented about one fourth of the expected purchasing costs of the 3D-printed, 
customized espresso cup (on the basis of our pre-tests). 
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II.4 Analysis 
In this section, we present and discuss the results of our two empirical studies based on total 
feedback of 422 consumers. 
 
II.4.1 Study 1: Is There a Value Increment for Full Customization of Products? A 
Simulated Buying Process 
II.4.1.1 Experimental Setup 
Study 1 was designed to primarily explore whether or not a value increment for higher 
customizability can be achieved. This is why we used non-functional mockups for the 
simulated buying process (see Treatments 1 to 3 in Appendix A.2). The three espresso cup 
treatments represented mockups of (i) an assortment choice of standard products, (ii) a 
modularly customizable cup and (iii) one which was continuously customizable. 
In Treatment 1, participants could choose from 12 different standard product variants. In 
Treatments 2 and 3 participants were given a mockup of an online toolkit which would allow 
them to change the form of cup and handle, as well as certain product design parameters 
(height, weight, surface smoothness, “twist”, and color). In Treatment 2, participants could 
choose from distinct options along each product design parameter. In Treatment 3, these 
product design parameters could be steplessly altered with “slidebars” which simulated a 
solution space with infinite product variety of a full customization approach available with 
AM technology. 
 
Participants were randomly exposed to one of the three treatments. Having shown a treatment, 
participants filled out a survey with questions on WTP, perceived product value drivers, 
purchase intentions and demographics. Participants received an invitation to this study by a 
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professional market research company; treatments and the corresponding survey were shown 
with a web-based tool. Each of the three treatments was evaluated by n=120 participants; 
subsequent analyses are performed on a between-subject basis.  
 
II.4.1.2 Results 
 
Figure II.3: Comparison of WTP between the three treatments of Study 1. 
 
Descriptive findings show that mean WTP for the standard product (Treatment 1) was lowest 
with M=6.29 EUR (SD=6.52). Survey participants stated M=12.14 EUR (SD=10.20) on 
average for the modularly customizable product (Treatment 2), while mean WTP for the 
continuously customizable product (Treatment 3) was M=18.19 EUR (SD=15.69) (see Figure 
II.3). A one-way ANOVA (Welch) with a Games-Howell post-hoc test revealed that differ-
ences between Treatments 1 and 2 were significant at the p<.001 level; between Treatments 2 
and 3 there was also a highly significant difference in mean WTP with p=.001 (F(2, 
214.55)=36.504). WTP for the continuously customizable product was 189% higher than for 
the standard product; while there was a 50% value increment compared to the modularly 
customizable product. Further, survey participants stated a WTP for the modularly customiza-
ble product which was 93% higher compared to the standard product. Thus, we could reveal 
that there was a significant value increment for enhancing product customization—from 
+93%***
6.29 (6.52)
+189%***
18.19 (15.69)+50%**
12.14 (10.20)
Standard product
(Assortment choice)
Modularly customizable prod.
(Product configuration)
Cont. customizable prod.
(Stepless product design)
n = 120 n = 120 n = 120
WTP values in EUR (standard deviation); One-way ANOVA (Welch) F(2, 214.55)=36.504; p<.001
* p<.05; ** p<.01; *** p<.001
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standard to modular choice, and from modular choice to continuous adjustments of product 
attributes enabled by AM technology (support for H1). 
 
 
Table II.2: Descriptives of main scales used in Study 1. 
 
When trying to identify the drivers behind the value increment we could identify that 
uniqueness value & pride of authorship, process effort, and process enjoyment significantly 
differed across the three treatments (support for H2; see Table II.2). Surprisingly, preference 
fit did not significantly vary across Treatments 1 to 3. However, mean preference fit across 
treatments was already at a 4.07 score out of a maximum of 5.00 suggesting that all treat-
ments generally had a high fit to individual preferences. Moreover, we could reveal signifi-
cant differences in purchase intentions. Interestingly, significant mean differences could only 
be found between Treatment 1 and the two customizable product offerings, while differences 
between Treatments 2 and 3 remained insignificant (see Table II.3). Thus, we could identify 
potential value drivers that might lead to value increments when comparing standard product 
offerings with customization offerings. However, these drivers did not explain an enhance-
ment of customization offerings with higher co-design freedom. Apparently, there seems to be 
another value driver that explains the value increment of higher design freedom which is not 
captured by conventional MC scales. 
 
Mean SD n Min Max df1 df2
WTP 12.21 12.41 360 0 80 2 214.55 36.504 a <.001 ***
Preference fit 4.07 .87 360 1 5 2 357.00 .753 .472
Uniqueness value & pride of authorship 3.61 1.08 360 1 5 2 357.00 34.164 <.001 ***
Process effort 2.52 1.11 360 1 5 2 357.00 20.492 <.001 ***
Process enjoyment 3.72 .99 360 1 5 2 235.84 26.780 a <.001 ***
Purchase intention 3.41 1.00 360 1 5 2 357.00 8.874 <.001 ***
a
 Welch test; *** p<.001
Descriptives ANOVA
p-valueF(df1, df2)
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Table II.3: Post-hoc analysis of main measures in Study 1. 
 
Moreover, we found that whether espresso cups are actually used at a household or not 
significantly influenced WTP levels (see Table II.4). An independent samples t-test was 
conducted to compare mean WTP between users and non-users of espresso cups for each 
treatment. For Treatment 1, there was a significant value downside of -50% for the group that 
did not use espresso cups at households while downsides were -29% and -37% for Treatments 
2 and 3 respectively (support for H3a/b). 
 
 
Table II.4: Influence of espresso cup use at household on WTP. 
 
As our dependent variable (WTP) consists of non-negative integers in Study 1, a count model 
seems appropriate for our analysis. Applying the overdispersion test provided by Cameron & 
Trivedi (1990), we found that our data violated the equidispersion assumption (mean equals 
variance) of the Poisson model. In fact, we identified that our data were over-dispersed. 
Scholars argue that in case of overdispersion in count data, a negative binomial regression is 
Post-hoc
test
Treatment 
1 vs. 2
Treatment 
1 vs. 3
Treatment 
2 vs. 3
WTPa Games-Howell p<.001 p<.001 p<.001
Preference fit Tukey HSD n.s. n.s. n.s.
Uniqueness value & pride of authorship Tukey HSD p<.001 p<.001 n.s.
Process effort Tukey HSD p<.001 p<.001 n.s.
Process enjoymenta Games-Howell p<.001 p<.001 n.s.
Purchase intention Tukey HSD p<.050 p<.001 n.s.
a
Assumption of homogeneity of variances violated (Levene's test)
Post-hoc Analysis
Mean 
WTP
SD n
Mean 
WTP
SD n df t
Cohen's 
d
Assortment choice 8.74 8.45 53 4.36 3.43 67 65.56 3.550 <.001 *** .44
Product configuration 14.08 11.77 64 9.93 7.56 56 108.72 2.325 .022 * .22
Stepless product design 21.19 18.78 74 13.37 6.38 46 97.27 3.289 .001 ** .33
* p<.05; ** p<.01; *** p<.001
Independent samples t-test
p (two-
tailed)
Yes No
Use of espresso cups at household?
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appropriate (W. Greene, 2008; Hilbe, 2011). Hence, we conducted negative binomial 
regressions in order to better understand value drivers of WTP.
28
  
 
 
Table II.5: Negative binomial regression of Study 1. 
 
The results of the negative binomial regressions are summarized in Table II.5. We could 
identify a significant influence of the treatment on WTP throughout Models 1-5. Process 
effort significantly explained variance of our dependent variable WTP in Models 2-5, while 
preference fit had a significant influence in Models 3 and 4—however, the direction of the 
effects of both dependent variables is contrary to our expectations. Further, we could highlight 
the importance of purchase intention and household income. As indicated by our previous 
analysis, there was a highly significant influence of the actual use of an espresso cup at the 
participant’s household on WTP (support for H3a). In Model 6, we removed the treatment 
variable to generally see the influence of the different value drivers on WTP. Except for 
process enjoyment (which did not come surprisingly in the mockup-based assessment), all 
other product value drivers significantly explained WTP (support for H2). Moreover, 
                                                 
28
 We used the NLOGIT Econometric Software Version 5 for our analysis. 
(S.E.) (S.E.) (S.E.) (S.E.) (S.E.) (S.E.)
Treatment .527 ** (.042) .430 ** (.047) .405 ** (.046) .407 ** (.048) .403 ** (.049)
Preference fit -.090 (.055) -.147 * (.060) -.106 † (.060) -.098 (.061) -.234 ** (.062)
Uniqueness value & pride of authorship .101 (.067) .069 (.073) .069 (.071) .079 (.068) .172 * (.070)
Process effort .094 ** (.039) .084 * (.038) .088 * (.038) .080 * (.038) .124 ** (.042)
Process enjoyment .061 (.053) .018 (.055) -.010 (.057) -.010 (.056) .052 (.061)
Purchase Intention .206 ** (.052) .128 * (.055) .125 * (.056) .164 ** (.058)
Espesso cup use at household .394 ** (.081) .386 ** (.082) .385 ** (.090)
Sex -.118 (.075) -.116 (.079)
Age -.038 (.024) -.060 * (.027)
Household income -.037 * (.015) -.036 * (.015)
Constant 1.361 ** (.096) 1.074 ** (.192) .944 ** (.192) 1.696 ** (.243) 2.117 ** (.267) 2.760 ** (.266)
Overdispersion Wald test (α) .488 ** (.044) .464 *** (.041) .443 ** (.039) .414 ** (.037) .399 ** (.037) .471 ** (.044)
Overdispersion test: g=mu(i)
Number of observations
K
McFadden Pseudo R2
Log likelihood
Akaike’s information criterion (AIC)
Dependent variable: WTP; two-tailed t-tests; † p<.10; * p<.05; ** p<.01
.401
-1205.732
2433.500
Model 6
Para-
meter
6.105
360
11
Model 5
Para-
meter
6.347
360
12
.357
3 7 8 9
-1179.067
2382.100
-1212.419 -1203.697 -1195.686 -1184.676
2430.800 2421.400 2407.400 2387.400
.406 .398 .386 .369
6.171 5.711 5.817 6.146
360 360 360 360
Model 1 Model 2 Model 3 Model 4
Para-
meter
Para-
meter
Para-
meter
Para-
meter
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purchase intention, espresso cup use, age, and household income had a significant effect. 
Surprisingly, the effects of preference fit and household income had a negative effect on 
WTP. We further tested for an interaction effect of product involvement and treatment which 
turned out to be insignificant (no support for H3b). 
 
These observations motivated our focus in Study 2. We wanted to better understand different 
drivers behind the increase of perceived product value for higher co-design freedom in 
customization offerings. This is why we included specific scales on consumer’s perceived co-
design freedom, product involvement and novelty-seeking characteristics. In doing so, we 
aimed at gathering additional insights in how to better explain value increments and perceived 
product value when enhancing customization offerings with AM technology from a modular 
to a full customization approach. 
 
II.4.2 Study 2: How Can The Value Increment of Full Customization Be Explained? 
Consumer Experiments with Binding WTP 
II.4.2.1 Experimental Setup 
In Study 2, we conducted real experiments with students from RWTH Aachen University in a 
lab environment. For this purpose we programmed two dedicated functional online toolkits 
which allowed participants to co-design their individual espresso cups; again, with two 
different degrees of product customizability. The toolkits allowed either modular choices 
representing a conventional MC offering (Treatment 1: “modular toolkit”) or continuous 
adjustments in the product’s design representing a full customization offering (Treatment 2: 
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“continuous toolkit”) (see Appendix A.2).29 In both toolkits participants could change the 
espresso cup’s design along different customizable product attributes (shape, surface smooth-
ness, “twist”). With Treatment 1, participants had distinct options to choose from for each of 
these attributes. In the case of Treatment 2, participants could freely change the shape (with 
the help of five points that could be freely moved) and steplessly alter the other two attributes 
with the help of slidebars. There were 36 different variants available with the modular toolkit 
(4 different shapes x 3 options for smoothness x 3 options for “twist”). The continuous toolkit 
allowed for a technically infinite number of additional variants. Thus, product co-design 
freedom (customizability) was objectively higher with the continuous toolkit (see examples of 
the self-designed espresso cups in Appendix A.3). 
Having configured their individual espresso cup, we asked for WTP (lottery with pre-defined, 
undisclosed threshold), followed by some questions on perceived design freedom, product 
value drivers, product involvement, attitude towards customization and novelty-seeking 
characteristics. In case WTP exceeded the threshold of 7.00 EUR, participants got a real 3D-
printed copy of their self-designed espresso cup at the price of their stated WTP. In total, 
seven participants stated a WTP above this threshold and received a real copy of their 
customized espresso cup.
30
 The experiment was conducted at a research lab for experimental 
economics at RWTH Aachen University.
31
 
 
                                                 
29
 We used Shapeway’s Sake Set Creator (www.shapeways.com/creator/sake-set) but re-programmed it to cover 
the purpose of our study and adjusted it in order to customize espresso cups. 
30
 We used Shapeway’s 3D printing service to produce the customized espresso cups of those participants who 
stated a WTP above the threshold of 7.00 EUR. We programmed a dedicated interface that allowed us to upload 
an identical copy of the customized espresso cups. 
31
 There is a dedicated research lab for experimental economics with about 30 fully equipped workstations run 
by the Chair of Experimental Economics at RWTH Aachen University (see www.expecon.rwth-aachen.de). 
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Figure II.4: Distribution of student’s background at real consumer experiment (Study 2). 
 
We recruited 66 students from RWTH Aachen University to give feedback on their custom-
ized espresso cup and customization experience. Participants mainly had a business or 
engineering background (see Figure II.4). They took part in one of four sessions each with a 
total of 14–18 participants in the lab’s IT pool. In each session, all participants were exposed 
to the same treatment. Two supervising researchers were permanently present during the data 
collection sessions, and the instructions (see Appendix A.4) were always given by the same 
researcher. All participants received a personal three-digit code to save their customized 
espresso cup so it could be produced and allocated to its creator afterwards. 
 
II.4.2.2 Results 
On aggregated level, we could identify a significant value increment of +68% when enhanc-
ing customization from a modularly customizable product (Treatment 1) to a continuous 
adjustment of product attributes (Treatment 2) (independent samples t-test; t(47.7)=-2.385; 
p=0.21; two-tailed). Mean WTP for Treatment 1 was 2.39 EUR (SD=1.68), while it was 4.01 
EUR (SD=3.56) for Treatment 2 (see Figure II.5). Hence, we found support for H1. 
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Figure II.5: Comparison of WTP between the two treatments of Study 2. 
 
Further, we found significant differences in means for the value drivers of preference fit, 
uniqueness value & pride of authorship, process effort, as well as purchase intentions between 
both treatments with the help of independent samples t-tests (support for H2; see Table II.6). 
Further, as intended with the design of our study, there was a highly significant difference in 
perceived co-design freedom between both treatments as revealed in an independent samples 
t-test (t(64)=-5.577; p<.001; two-tailed) with a high effect size (Cohen’s d=.70). Thus, the 
objectively higher co-design freedom available in Treatment 2 was also subjectively per-
ceived as such. 
 
 
Table II.6: Descriptives of scales used in Study 2. 
 
Surprisingly, there were significant differences of product involvement and attitude towards 
customization between Treatments 1 and 2 in spite of a random assignment of the participants 
4.01 (3.56)+68%*
2.39 (1.68)
Modularly customizable prod.
(Product configuration)
Cont. customizable prod.
(Stepless product design)
n = 32 n = 34
WTP values in EUR (standard deviation); independent samples t-test (two-tailed); * p<.05
n
Mean 
(EUR)
SD n
Mean 
(EUR)
SD t df
Cohen's 
d
WTP 32 2.39 1.685 34 4.01 3.559 -2.385 47.70 .021 * .35
Preference fit 32 2.92 0.822 34 3.54 0.946 -2.844 64.00 .006 ** .36
Uniqueness value & pride of authorship 32 2.45 0.841 34 3.28 1.060 -3.493 64.00 .001 *** .44
Process effort 32 1.29 0.485 34 1.73 0.859 -2.547 52.69 .014 * .35
Process enjoyment 32 2.77 0.819 34 3.49 1.087 -2.990 64.00 .004 ** .37
Purchase intention 32 2.15 0.816 34 2.75 1.065 -2.596 64.00 .012 * .32
Perceived co-design freedom 32 2.43 0.869 34 3.65 0.906 -5.577 64.00 <.001 *** .70
Product involvement 32 1.62 0.615 34 2.24 1.096 -2.831 52.54 .007 ** .39
Attitude towards customization 32 3.15 0.851 34 3.78 0.917 -2.928 64.00 .005 ** .37
Novelty seeking 32 3.66 0.604 34 3.88 0.708 -1.298 64.00 .199 .16
T-test (two-tailed); *p<.05; **p<.01; ***p<.001
Treatment 1 
p
Treatment 2 Independent samples t-test
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to the two experimental groups. This might be due to the generally higher attractiveness of 
Treatment 2 and its co-design process that might have positively influenced feedback on 
product involvement and attitude towards customization because the survey was filled after 
individual espresso cups had been co-designed in the toolkits. 
 
As we learned that product involvement largely affected WTP in Study 1 (use of espresso 
cups at households), we tried to better understand this effect with seven dedicated items (see 
Appendix A.1) summarized into a construct score (min: 1; max: 5). We split participants into 
three groups according to the ranked terciles of product involvement as summarized in Table 
II.7. A one-way ANOVA (Welch) revealed that aggregated WTP (without distinguishing 
between Treatments 1 and 2) highly differed across the three groups (F(2, 39.18)=12.601; 
p<.001). A Games-Howell post-hoc test revealed that the mean difference between Group 1 
(low product involvement) and Group 2 (medium product involvement) was significant with 
p=.004; the difference between Group 1 and Group 3 (high product involvement) was 
significant at the p<.001 level, while there was no significant delta in WTP between Groups 2 
and 3 (p=.245). Hence, we found support for H3a. Moreover, we could highlight a significant 
value increment for consumers with high product involvement (Group 3) when enhancing 
product customization from modular product configuration (Treatment 1) to a stepless product 
design (Treatment 2) as revealed in an independent samples t-test (t(19.26)=-2.492; p=.022; 
two-tailed). Hence, we found support for H3b. 
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When only analyzing participants exposed to Treatment 1, there was a significant difference 
between Groups 1 and 2; while other pairs remained insignificant.
32
 For Treatment 2, mean 
differences in WTP were significant between Groups 1 and 3.
33
  
 
 
Table II.7: Product involvement terciles and mean WTP in EUR for Treatments 1 and 2. 
 
In the next step, we conducted a hierarchical ordinary least squares (OLS) regression with 
log-transformed WTP as the dependent variable accounting for skewness.
34
 The overview in 
Table II.8 reveals that the treatment (1 vs. 2) did not have a significant effect on WTP, while 
perceived co-design freedom significantly explained variance in WTP in Model 2 and 3 
(support for H1). Throughout Models 4-7 we could highlight that the value drivers of 
preference fit and process effort had a significant influence on WTP (support for H2). Further, 
we could highlight a significant influence of product involvement in Models 6 and 7 (support 
for H3a). Apart from Model 1 (R
2=3%), the OLS models’ fit was high with R2 ranging from 
14.6% (Model 2) to 43.7% (Model 7). We further tested for an interaction effect of product 
                                                 
32
 A one-way ANOVA revealed significant differences across the three groups (F(2, 29)=4.521; p=.020) and a 
Tukey post-hoc test showed that that mean differences in WTP were significant between Groups 1 and 2 
(p=.021); while they remained insignificant between Groups 1 and 3 (p=.099) and Groups 2 and 3 (p=.995). 
33
 A one-way ANOVA (Welch) showed significant differences across the three groups (F(2, 17.18)= 7.266; 
p=.005) and a Games-Howell post-hoc test revealed significant differences in mean WTP between Groups 1 and 
3 (p=.004); while they remained insignificant between Groups 1 and 2 (p=.127) and Groups 2 and 3 (p=.574). 
34
 Skewness of WTP prior to log-transformation was 1.294, after log-transformation it was reduced to -.187. 
1 Low (<1.20) 1.27 (1.17) n=11 1.41 (1.67) n=9 18.00 -.218 .830 -.05
2 Med (<2.10) 2.99 (1.89) n=15 3.97 (2.98) n=8 10.11 -.838 .422 -.26
3 High(>=2.10) 2.93 (0.81) n=6 5.40 (3.87) n=17 19.26 -2.492 .022 * -.57
Total 2.39 (1.68) n=32 4.01 (3.56) n=34 47.70 -2.385 .021 * -.35
* p<.05
p (two-
tailed)
Product 
involvement
Mean WTP in EUR (SD) Independent samples t-test
Product configuration
Stepless product
design
df t-value
Cohen's 
d
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involvement and perceived co-design freedom which turned out to be insignificant (no 
support for H3b) 
 
 
Table II.8: Hierarchical OLS regression results of Study 2. 
 
 
II.5 Discussion and Implications 
In this section we discuss our results, and point out managerial as well as theoretical implica-
tions of our studies. 
 
II.5.1 Overall Discussion 
Altogether, we proposed six hypotheses of which four can be (partly) confirmed in both 
studies (H1, H2, H3a, H3b; see Table II.9). 
The main goal of this study was to show the value creation potential of AM technology from 
a consumer’s perspective by assessing the value of a higher degree of product customizability. 
We found that consumers valued enhanced product customization with higher WTP in both 
studies. In Study 1, there was a value increment of +189% between a standard product and the 
(S.E.) (S.E.) (S.E.) (S.E.) (S.E.) (S.E.) (S.E.)
Treatment .243 (.173) -.091 (.200)
Perceived co-design freedom .274 ** (.094) .250 ** (.076) .021 (.108) .047 (.106) .046 (.103) .071 (.104)
Preference fit .356 * (.136) .273 † (.139) .276 * (.136) .266 † (.140)
Uniqueness value & pride of authorship .133 (.105) .105 (.103) .057 (.103) .041 (.103)
Process effort -.269 * (.108) -.296 ** (.106) -.273 * (.104) -.292 ** (.106)
Process enjoyment -.057 (.107) -.126 (.110) -.133 (.107) -.183 (.112)
Purchase Intention .202 † (.104) .106 (.112) .105 (.112)
Product involvement .207 * (.103) .184 † (.103)
Attitude towards customization .117 (.095)
Novelty seeking .073 (.131)
Constant .840 ** (.277) .510 † (.285) .446 † (.247) .195 (.303) .222 (.297) .178 (.290) -.267 (.453)
Number of observations
Number of independent variables
F
R2
R2 adjusted
R2 change
Dependent variab le: log-transformed WTP; two-tailed t-tests; 
†
 p<.10; * p<.05; ** p<.01; *** p<.001
Model 2
Para-
meter
66
2
5.365**
.146
.118
.116 -.003
.129
Model 3
Para-
meter
.272
.185
.304
.041
Model 5
Para-
meter
66
6
5.742***
.369
66
1
10.656**
Model 4
Para-
meter
66
5
5.855***
.143 .328
.339
.041
Model 6
Para-
meter
66
7
5.757***
.410 .437
.346
.027
Model 7
Para-
meter
66
9
4.829***
Model 1
Para-
meter
66
1
1.967
.030
.150
.030
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continuously customizable product design. The value increment from modular to continuous 
(full) customization was +50%. In Study 2, these results could be confirmed. In a lab envi-
ronment in which we used functional toolkits, participants stated their perceived product value 
with a binding WTP measure revealing a price premium of +68% for the full customization 
offering compared to a modularly customizable espresso cup. Thus, there is a large value 
creation potential for enhanced customization with AM—even at an aggregated level when 
comparing it to conventional MC offerings with modular choices in the product’s design. 
 
 Hypothesis Study 1 Study 2 
   
 
H1 
Increased product customizability (co-design freedom) available with AM 
leads to higher perceived product value. 
 
H2 
Perceived customer benefits (hedonic/utilitarian) in both, product and 
process dimensions, have a positive effect on overall perceived product 
value. 
() ()
H3a 
Consumers with high product involvement show higher perceived product 
value of the customization offerings (modular and full) than consumers 
with low product involvement. 
() 
H3b 
This effect is even stronger for the full customization offering leading to a 
higher value increment when enhancing customization (from modular to 
full) for consumers with high product involvement compared to consumers 
with low product involvement. 
() ()
H4 
A positive attitude towards customization has a positive effect on 
perceived product value of the customization offering (modular and full). 
n.a.  
Table II.9: Overview test of hypotheses. 
 
Further we could show that, both product and process-related value drivers explained these 
value upsides. Results of the regression analyses in Studies 1 and 2 suggest that the value 
increment was primarily driven by utilitarian benefits as preference fit and process efforts 
significantly explained variance in WTP. Thus, hedonic benefits seem to be less important in 
full customization offerings. 
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In Study 2, we were able to identify the driver of “perceived co-design freedom” which 
significantly explained the value increment between both customization offerings. Moreover, 
participants’ characteristics mattered. In particular, we could highlight that product involve-
ment largely influenced WTP. Thereby, we showed that high product involvement not only 
led to higher WTP for customization offerings in general (modular and full); it also signifi-
cantly increased delta WTP for enhancing customization from modular to full as shown in our 
tercile split analysis. Thereby, AM can be used as a fulfillment technology to efficiently 
address these niches with enhanced customization offerings that are also sufficiently valued 
(paid) as such. AM technology’s manufacturing costs are not subject to economies of scale, 
therefore single niches can be addressed without facing cost penalties in manufacturing. 
 
II.5.2 Theoretical Implications 
With our work we can highlight a number of interesting theoretical contributions. These 
contributions include the application of AM technology as an enabler that enhances conven-
tional MC to a “true” or “full customization” approach. Conventional MC approaches are 
discussed given the revised manufacturing paradigms of AM technology. We could observe 
that there can be additional benefit in serving the long tail with specific niche offerings. We 
hypothesized that consumers potentially perceive a higher product value for products that can 
be steplessly tailored to their individual needs compared to conventional MC offerings. In 
both studies we could confirm this hypothesis with significant value upsides for a “full 
customization” approach available with AM. Thus, we can point out that there were consistent 
results regardless of (i) the type of experiment and its treatments (Study 1: non-functional 
mockups in an online survey vs. Study 2: functional toolkits in a lab environment), and (ii) the 
WTP measure (Study 1: CVM/hypothetical WTP; Study 2: BDM lottery/binding WTP). 
However, when comparing the results of both studies, participants in Study 2 revealed much 
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lower WTP levels than in Study 1. Besides the fact, that in Study 2 there was “real money on 
the desk” (binding WTP measure) in a lab environment, the panel’s characteristics highly 
differed. While in Study 1 a quasi-representative cross section of the online-shopping German 
consumer population was asked, participants in Study 2 solely consisted of students from 
RWTH Aachen University who were comparatively young and had less disposable household 
income.
35
 Nonetheless, the general direction in the results is consistent in both studies, 
revealing a value upside for full customization. 
 
As suggested by MC theory, we could confirm that product and process-related value drivers 
explained WTP of the customization offerings. Thereby, the utilitarian drivers (preference fit, 
process effort) explained variance of WTP. Thus, our results suggest that hedonic benefits 
(uniqueness value, process enjoyment) are less important in full customization settings. 
Further, we were able to identify a new driver that explained the value increment between a 
conventional modular and a continuous customization approach: the perceived co-design 
freedom. Moreover, we found that a certain group of consumers characterized by high product 
involvement (i) generally perceived higher product value for customizable products (modular 
and full) compared to less involved consumers, and (ii) stated a significant value upside for 
the full customization offering. Thus, full customization seems to be an appropriate approach 
to address unfulfilled heterogeneity in product demand. 
 
                                                 
35
 In Study 2, 97% of the participants were between 18 to 35 years old while 73% stated that their disposable 
household income is 1,500 EUR or less. In Study 1, 51% of the participants were older than 35 years while 58% 
had a disposable household income of 2,000 EUR or more. 
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II.5.3 Managerial Implications 
This article has some clear managerial implications. First of all, we identified that AM 
technology has a large potential to increase perceived product value when it is installed to 
offer highly customized products in a full customization approach. In both studies we could 
highlight value upsides of +50-68% at an aggregated level when using AM to offer full 
customization compared to conventional (modular) MC offerings. Further, we could show 
that this value increment can be even higher when specifically targeting at certain consumer 
(niche) groups that are characterized by high product involvement. In Study 1 we could stress 
that for the full customization offering there was a value upside of +58% when targeting at the 
appropriate group (users of espresso cups at household). In Study 2, the group of highly 
involved consumers stated a WTP for the full customization offering which was +84% higher 
than the one of the group characterized by low product involvement. Thus, we can highlight 
large value creation potentials when specifically targeting at these niche groups from a 
managerial perspective. Eventually, higher manufacturing and marketing costs may soon be 
amortized when skimming customers’ higher WTP for products that are tailored to their 
specific needs, while manufacturing costs with AM technology remain (nearly) constant 
regardless of the production volume per product variant for serving these niches (no/low 
economies of scale). 
 
Further, we could identify that perceived product is mainly driven by utilitarian benefits. Thus, 
it is meaningful to appropriately market these utilitarian benefits that come along with a full 
customization offering. Thus, marketers would need to emphasize its capabilities to improve 
the product’s preference fit. Further, online toolkits that let consumers discover their individ-
ual preferences and express these in a co-design activity would need to involve a minimum of 
(perceived) process efforts. The offering would also need to be framed in a way that custom-
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ers truly realize that a higher co-design freedom is offered when using these toolkits in order 
to maximize perceived product value. 
 
 
II.6 Limitations and Future Research 
When interpreting our results, it is important to bear in mind that our studies have some 
limitations. In Study 1 we used non-functional mockups for simulating an online buying 
process—real online shopping behavior might deviate from our observations since we had to 
trust on the consumers’ imagination. Secondly, as a consequence of dealing with non-
functional mockups, we used the CVM method for retrieving WTP. The non-binding bid that 
consumers stated may derive from real, binding prices they would be willing to pay. Further, 
we relied on feedback of a survey panel which was purchased at a professional service 
provider. Even though it complies with international quality standards and we conducted 
several consistency checks, panel effects might still have occurred. When considering rather 
small alterations between the treatments, lacking carefulness in filling out the survey could 
easily deter results. This is why we chose to conduct a real consumer experiment with a 
binding WTP measure in Study 2. 
In Study 2, the experimental setup included the use of dedicated functional toolkits which 
were programmed for the purpose of this study. These were shown in a lab environment with 
German students from RWTH Aachen University. Even though this study eliminated a 
number of limitations that arose from the mockup-based assessment in Study 1, it was still an 
artificial setup in which consumer behavior might deviate from real (online) shopping 
environments. Further, we asked students only—a group with relatively little disposable 
household income. Thus, overall WTP levels are rather small and as a result, it might be 
difficult to explain the drivers of a value increment for full customization offerings. Therefore, 
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it would be meaningful to replicate our studies in a real buying environment by directly 
testing our hypotheses with empirical evidence from consumer behavior in existing (online) 
shops. Further, the hypotheses were tested with German consumers only in both studies—a 
replication with either focusing on other geographies/markets or studying specific target 
groups would be worth studying (e.g., groups/niches with specifically high involvement). 
 
Overall, the design of our studies and the programming of the treatments are the result of on 
an MC expert workshop. It would be meaningful to substitute this explorative approach with a 
systematic methodology. A methodology that enables customizers to systematically develop a 
solution space that maximizes customer value for customization offerings opens several 
avenues for future research. What customizable products and attributes should be offered for 
customization? How could the additional co-design freedom available with AM be converted 
into higher value perceivable by the customer? Yet, there is little research on how to system-
atically identify heterogeneity of demand; thus it is frequently unclear where variety matters 
(ElMaraghy et al., 2013). This article gives a first idea; future research has to substantiate this 
discussion.  
 
Despite these limitations, we believe that we contributed to an economic assessment of AM 
technology’s value creation potential and enhanced our theoretical understanding of MC by 
discussing it in light of a “full customization” approach. Future research may discuss new 
business models that AM technology enables. New concepts of value creation are probable as 
conventional barriers for accessing manufacturing resources diminish. Increasingly more 
users get relatively easy access to decentralized production resources (e.g., their own 3D 
printer, or a digital manufacturing workshop such as a FabLab or TechShop) with a standard-
ized interface, a product’s 3D design data. This may benefit a shift in value creation activities 
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and revenue streams, constituting an interesting field for future research from an innovation 
management perspective (Piller et al., 2015). Rather than selling finished products, firms may 
concentrate their value-adding activities on offering digital product designs while production 
occurs locally at the consumer’s premises or digital manufacturing workshops close by.  
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II.A Appendix 
II.A.1 Scales  
Scale Item Source 
Cronbach’s 
alpha 
  
The customized product… 
  
Preference fit 
… is something that I would like. (Franke & Schreier, 2010) 
Study 1: .924 
Study 2: .887 
… is something that I would be satisfied with. (Franke & Schreier, 2010) 
… would exactly meet my requirements. (Merle et al., 2010) 
… would fulfill all my wishes regarding the product 
design. 
(Merle et al., 2010) 
Uniqueness value 
& pride of 
authorship 
… would make me feel proud because I created 
(chose) it myself. 
(Franke et al., 2010) 
Study 1: .913 
Study 2: .786 
… would allow me to strongly identify with the 
product. 
(Franke et al., 2010) 
… is a product that others would not have. (Merle et al., 2010) 
… would offer me a small element of differentiation 
compared to others. 
(Merle et al., 2010) 
    
 Designing this product…   
Process effort 
… would require much effort. (Franke & Schreier, 2010) 
Study 1: .935 
Study 2: .926 
… would be exhausting. (Franke & Schreier, 2010) 
… is something that I would perceive as “costly” 
(in terms of time and effort). 
(Franke & Schreier, 2010) 
Process 
enjoyment 
 
… is something that I would enjoy very much. (Franke & Schreier, 2010) 
Study 1: .941 
Study 2: .909 
… would be fun. (Franke & Schreier, 2010) 
… would be quite enjoyable. (Franke & Schreier, 2010) 
… would be very interesting. 
 
(Franke & Schreier, 2010) 
    
Purchase 
intention 
I would purchase this product from any web vendor 
within the next 30 days. 
(Li & Meshkova, 2013; 
Pavlou & Fygenson, 2006) 
Study 1: .895 
Study 2: .752 
It would be very likely that I would buy this product 
if it was presented in this way. 
(Li & Meshkova, 2013) 
If I would want to purchase a similar product in 
future, I would visit a web shop which presents its 
products in this way. 
 
(Kamis et al., 2010; Li & 
Meshkova, 2013) 
    
 During customization of the product…    
Perceived co-
design freedom 
… I perceived a large co-design freedom. 
[own items] 
Study 1: n.a. 
Study 2: .896 
… I had many possibilities to adjust the product 
according to my personal idea. 
… I was largely restricted in customizing the 
product in a way I wanted it. (reverse coded) 
    
 Generally, …   
Product 
involvement 
… I am somebody who has strong interest in 
kitchen knives. 
(Beatty & Talpade, 1994) 
Study 1: n.a. 
Study 2: .940 
… this product category is very important to me. (Beatty & Talpade, 1994) 
… kitchen knives matter a lot to me. (Beatty & Talpade, 1994) 
… I get bored when other people talk about kitchen 
knives. (reverse coded) 
(van Rijnsoever et al., 2012) 
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Ceramic kitchen knives …  
… are very important to me. (Cho, 2003) 
… are something that I carefully choose. (Cho, 2003) 
.. are products which I would buy within the next 6 
months. 
(Cho, 2003) 
    
 Customization of products…   
Attitude towards 
customization 
… is important to me. 
[own items] 
Study 1: n.a. 
Study 2: .805 
… is something that I specifically seek for. 
… provides a personal benefit to me.  
    
Novelty seeking 
When I see a product somewhat different from the 
usual, I check it out. 
(Ailawadi, Neslin, & 
Gedenk, 2001) 
Study 1: n.a. 
Study 2: .726 
I am often among the first people to try a new 
product. 
(Ailawadi et al., 2001) 
I like to try new and different things. (Ailawadi et al., 2001) 
I frequently look for new products and services. (Hirschman, 1980; 
Manning, Bearden, & 
Madden, 1995) 
    
Table II.10: Overview scales and corresponding items (all measured on 5-point Likert scale). 
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II.A.2 Treatments 
 
Figure II.6: Standard product choices in Study 1 (Treatment 1). 
 
 
Figure II.7: Mockup for product configuration treatment in Study 1 (Treatment 2). 
 
1
5
9
2
6
10
3
7
11
4
8
12
Your customized espresso cupDesign parameters
Height
Smooth-
ness
Color
1) Choose your basic design for the cup to start 
customization
2) Choose a basic design for the cup‘s handle to 
start customization
3) Choose design options
Width
klein großmittel
schmal breitmittel
rechteckig rundhexagonal
kein 
Henkel
3D model of your customized product
5.2 cm
4.4 cm
Design options to choose from
Here, you would see your 
customized product
Instructions
• You can choose a basic design for the cup and 
its handle to alter the product’s configuration.
• Choose from the options on the left-hand side 
to adjust the product’s design 
?
Help
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Figure II.8: Mockup for stepless product design treatment in Study 1 (Treatment 3). 
 
 
Figure II.9: Treatment 1 (modularly customizable espresso cup) of Study 2. 
 
Your customized espresso cupDesign parameters
1) Choose your basic design for the cup to 
start customization
2) Choose a basic design for the cup‘s handle 
to start customization
3) Change product design
Smooth-
ness rectangular round
Color
No 
handle
Instructions
• You can choose a basic design for the cup and 
its handle to alter the product’s configuration.
• You can further click on the “Edit” button on the 
right side to freely move elements of the 
product.
• Use the slidebars on the left-hand side to 
steplessly adjust the product’s design 
3D model of your customized product
5.2 cm
4.4 cm
Height largesmall
“Twist”
straight twisted
Width
largeslim
Top:
largeslim
Bottom: 
Stepless customization of the 
product possible
Here, you would see your 
customized product
?
Help
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Figure II.10: Treatment 2 (steplessly customizable espresso cup) of Study 2. 
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II.A.3 Examples of Self-Designed Espresso Cups in Study 2 
  
  
  
Table II.11: Self-designed espresso cups of Study 2 (examples). 
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II.A.4 Experiment Description for Study 2 (in German) 
The following description was handed out to all participants of the experiment. The descrip-
tion was basically the same for both treatments (Treatment 1: “modular toolkit”; Treatment 2: 
“continuous toolkit”); it only differed in the screenshot and its description of the correspond-
ing toolkit. 
 
 
Teilnehmer-Schlüssel:  «TNContinuous» 
Laborexperiment des Lehrstuhls für Technologie- und Innovationsmanagement 
 
I. Einführung 
Vielen Dank für Ihre Teilnahme an diesem Experiment des Lehrstuhls für Technologie - und 
Innovationsmanagement der TIME Research Area an der RWTH Aachen. Bitte hören Sie sich die 
Anweisungen aufmerksam an und stellen Sie gegebenenfalls Fragen an den Experimentleiter. Bitte 
sprechen Sie während des Experiments nicht mit den anderen Teilnehmern. 
Für die Teilnahme an diesem Experiment erhalten Sie eine Aufwandsentschädigung in Höhe von € 6. Die 
Dauer des Experiments wird ca. 30 Minuten betragen.  
Im Anschluss an das eigentliche Experiment fülle n Sie bitte den Fragebogen aus. Sämtliche Angaben (im 
Experiment und Fragebogen) werden selbstverständlich vertraulich behandelt.  
 
 
II. Allgemeine Informationen 
Gleich werden Sie eine n Online-Kauf für eine Espresso-Tasse erleben. Dazu bedienen Sie einen 
Online-Konfigurator für die Erstellung Ihrer individuellen Espresso -Tasse. Ihnen  stehen 
verschiedene Möglichkeiten zur Verfügung, um  das Produkt-Design nach Ihren Wünschen 
anzupassen. Dabei sind wir an Ihrer Einschätzung des Produktangebots interessiert! 
 
Die von Ihnen gestaltete Espresso -Tasse wird aus weißem Keramik-Material bestehen – analog 
zu den Bildern aus den Anwendungsbeispielen, die Sie im Online -Konfigurator sehen. 
Unabhängig von Ihrer individuellen Gestaltung der Espresso -Tasse, ist eine konstant hohe 
Qualität des Produkts gewährleistet . Der Online -Konfigurator wird in einem Internetb rowser-
Fenster bedient. Bitte lassen Sie die Browserfenster stets geöffnet (nicht schließen!)  und öffnen 
Sie keine zusätzlichen Browserfenster . Wir behalten uns vor, Sie aus dem Experiment 
unmittelbar auszuschließen, falls Sie sich nicht an diese Vorgaben halten. 
 
Sie werden die selbstgestaltete Espresso-Tasse kurze Zeit nach Abschluss der Studie erhalten , 
sofern Ihre im Fragebogen angegebene Zahlungsbereitschaft einen bestimmten Schwellenwert 
überschreitet. Sie werden hierzu nach Abschlu ss des Experiments von uns benachrichtigt. Ihre 
individuelle Espresso-Tasse wird von einem externen Dienstleister produziert.  
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III. Ablauf des Experiments 
1. Konfiguration Espresso-Tasse 
Nach Abschluss dieser Einführung, öffnen Sie bitte den „Firefox“-Internetbrowser. Hier wird 
der Online-Konfigurator für die Erstellung Ihrer individuellen Espresso -Tasse automatisch 
geöffnet. Nutzen Sie im Online -Konfigurator die  verschiedenen Möglichkeiten, um das 
Design der Tasse nach Ihren Wünschen anzupassen. Folgende Möglichkeiten stehen Ihnen 
zur Verfügung: 
a) Die Änderung der äußeren Form der Tasse, 
b) Die „Rundheit“ der Tasse und 
c) Den „Twist“ (Verdrehung) der Tasse. 
Sie können das Design der Tasse anpassen, sofern Sie sich im Bearbeitungsmodus befinden 
(siehe Screenshot: Schaltfläche links oben). Wenn Sie in den Rotationsansichts-Modus 
wechseln, können Sie die Tasse in einer 3D -Ansicht aus verschiedenen Perspektiven 
betrachten, indem Sie die Tasse mit gedrückter Maustaste rotieren. Mittels eine s Klicks auf  
„Zurücksetzen“ wird das ursprüngliche Design der Tasse geladen. 
Nach Abschluss der Gestaltung Ihrer Espresso-Tasse, geben Sie bitte folgenden Teilnehmer-
Schlüssel: C01 in das Textfeld ein und klicken Sie anschließend auf „Speichern“. Im Anschluss 
daran öffnet sich ein neues Internetbrowser-Fenster mit einem Fragebogen. 
Hinweis: Lassen Sie bitte stets alle Browserfenster geöffnet! 
Im folgenden Screenshot sehen Sie die verschiedenen Funktionen des Online-Konfigurators: 
 
Eingabe des Schlüssels 
und Abschluss der 
Gestaltung mit Klick auf 
„Speichern“
Anpassung von Rundheit 
und „Twist“ der Tasse mit 
Schiebereglern
Zurücksetzen auf das 
ursprüngliche Design
Wechsel zwischen 
Bearbeitungs- und 
Rotationsansichts-Modus
Freie Verschiebbarkeit der Punkte, 
um die äußere Form anzupassen
Unten finden Sie einige Impressionen 
mit Anwendungsbeispielen
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Teilnehmer-Schlüssel:  «TNContinuous» 
2. Ausfüllen des Fragebogens 
Der Fragebogen geht über mehre Seiten. Auf der ersten Seite werden Sie zu Ihrer 
Zahlungsbereitschaft für die von Ihnen gestaltete Espresso -Tasse befragt. Wenn die von Ihnen 
angegebene Zahlungsbereitschaft einen bestimmten Schwellenwert überschreitet, werden Sie 
das Produkt kurze Zeit nach Abschluss der Studie erhalten. Sie müssen dann das Produkt zum 
von Ihnen angegebenen Preis kaufen . Wenn Ihre angegebene Zahlungsbereitschaft kleiner als 
der Schwellenwert ist, können Sie das Produkt nicht kaufen.  Bitte füllen Sie auch alle weiteren 
Seiten des Fragebogens vollständig aus. 
Hinweis: Lassen Sie bitte stets alle Browserfenster geöffnet! 
 
3. Abschluss  
Nach Ende des Fragebogens, geben Sie bitte ein Zeichen, sodass ein Experimentleiter zu Ihnen 
kommt, um das Experiment abzuschließen. Im Anschluss gehen Sie bitte in den Nebenraum. 
Dort erhalten Sie Ihre Aufwandsentschädigung. Bitte bringen Sie diesen Ausdruck mit Ihrem 
Teilnehmer-Schlüssel mit. 
 
 
Sollten Sie Fragen haben, können Sie jederzeit ein Handzeichen geben, damit Sie ein 
Experimentleiter unterstützt. 
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Research Paper III: 
Product Customization with 3D Printing: 
Perceived Product Value and Its Drivers 
III Abstract 
Additive manufacturing (AM) technology (colloquially “3D printing”) has recently been 
highlighted to enable new opportunities in product customization because (i) fewer design 
restrictions are involved when building objects layer upon layer and (ii) customization does 
not cause cost penalties in manufacturing; both leading to the possibility to efficiently 
enhance conventional mass customization (MC) to a “full customization” approach with 
continuous adjustments of product attributes. In order to analyze if this full customization is a 
source of value creation for firms, we empirically assessed consumers’ perceived product 
value for this enhanced product customization (continuous adjustment) and compared it to 
conventional MC offerings (modular choice). We did so by portraying a simulated online 
buying process of a customizable knife. First, we assessed the value of customizing style-
related/aesthetic product design attributes; then we evaluated customization of fit-related 
attributes. When consumers could customize aesthetic attributes, we found that differences in 
perceived product value were insignificant. Contrarily, when consumers customized fit-
related attributes, there was a significant value upside for full customization. We revealed that 
both, product involvement and attitude toward customization influenced WTP positively and 
identified different value drivers. Further, we deduct theoretical and managerial implications 
when enhancing customization with AM and outline directions for future research. 
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Product Customization with 3D Printing: 
Perceived Product Value and Its Drivers 
 
III.1 Introduction and Motivation 
Additive manufacturing (AM) technology, or colloquially “3D printing”, has been highlighted 
as a disruptive technology that can largely impact value creation (Berman, 2012; The 
Economist, 2011, 2012; Vance, 2012). In short, AM refers to “[…] the process of joining 
materials to make objects from 3D model data, usually layer upon layer […]” (ASTM 
International, 2012). While there are still several technology-related limitations (e.g., accura-
cy/reproducibility, surface finish, availability of printable materials), AM technology’s 
capability of enabling decentralized production, reducing assembly efforts and increasing 
design complexity as well as product variety without additional costs in manufacturing has 
frequently been highlighted (Anderson, 2012; Atzeni et al., 2010; Atzeni & Salmi, 2012; 
Berman, 2012; Brecher, 2012; Lipson & Kurman, 2013; The Economist, 2011, 2012). In 
particular, numerous scholars argue that AM technology offers new opportunities in custom-
izing products. Some call it the impetus for enhancing conventional mass customization (MC) 
approaches to a “true mass customization” approach (Atzeni et al., 2010, p. 309; Hague et al., 
2001, p. 626) or "full customization for the individual" (Tuck et al., 2008, p. 247)—which 
seems to be justified when considering the high design freedom that AM enables. While 
conventional manufacturing technologies demand restrictive design rules (“design-for-
manufacture”), product designers experience much higher design freedom with AM (Hopkin-
son et al., 2006). Further, customization with AM does not induce cost penalties in manufac-
turing because neither tools nor molds are needed with AM’s layer manufacturing principle 
(Atzeni et al., 2010; Berman, 2012). 
Research Paper III: “Product Customization with 3D Printing: Perceived Product Value and Its Drivers” 167 
 
The growing number of customization offerings is a response to a shift in consumer demand. 
It has been empirically shown that consumers increasingly demand niche products tailored to 
their specific needs leading to the so-called “long tail” (Anderson, 2006) in the distribution of 
sales (Anderson, 2006; Brynjolfsson et al., 2011, 2006; Elberse, 2008). This phenomenon has 
been observed in different markets: for example, the offering of books at Amazon that are not 
available in conventional brick-and-mortar stores has significantly grown between 2000 and 
2008, accounting for 37% of Amazon’s sales in 2008 which is five times higher than in 2000 
(Brynjolfsson et al., 2010).
36
 Digital products (i.e., music, video) are typically characterized 
by a long tail in the distribution of sales because marginal costs for production and distribu-
tion approach zero—this is why, for example, millions of music albums can be purchased at 
Apple’s iTunes store while offline stores usually offer about 15,000 titles (Elberse, 2008).37  
Customization offerings aim at serving unfulfilled heterogeneity in the long tail of demand 
(Kumar, 2007). Conventional MC offerings are usually based on a modular product architec-
ture limiting the customers’ freedom of choice in customization offerings (Wang et al., 2014). 
Now with AM technology, “true design freedom” (von Hippel, 2001, p. 248) can economi-
cally be offered in a full customization offering in which product attributes can be steplessly 
adjusted to customers’ needs. In the absence of cost penalties for customization (no expendi-
tures for tools or molds, low set-up costs) AM technology enables producers to serve single 
niches in the long tail with tailored (physical) products (Berman, 2012; Rayna & Striukova, 
2014). 
 
                                                 
36
 It is likely that the share of books which is not available at brick-and-mortar stores even increased due to 
increased availability and consumption of e-books as well as print-on-demand technology for books over the last 
years (C. C. Miller & Bosman, 2011). 
37
 Nonetheless, Elberse (2008) also points out that producers and retailers should not radically change their 
strategy serving niche products only as long as they have capabilities to successfully cater “blockbuster” sales. 
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Given this trend on the market demand side on the one hand, and the advent of AM as a 
technology that enables enhanced customization (“true” or “full customization”) on the other 
hand, this article discusses consumers’ perceived product value and its underlying drivers for 
product offerings with different degrees of customization. Thereby, the highest degree of 
customization (a stepless adjustment of product design parameters and a biometric optimiza-
tion of the product’s geometry) is enabled by AM technology. Thus, in this article we focus 
on the following research questions: 
1. Does the additional degree of customization available with AM (“true/full customiza-
tion”) lead to higher perceived product value compared to conventional customization 
offerings (“modular customization”)? 
2. What are underlying drivers that determine consumers’ perceived product value of the 
true and modular customization offerings? 
3. In particular, what is the influence of product involvement and technology novelty of 
3D printing on perceived product value? 
 
Contributions of this article are as follows: we identified consumers’ perceived product value, 
their willingness to pay (WTP) as well as their purchase intentions for highly customized 
products available with AM technology and compared these with conventional MC offerings. 
In doing so, we deliver facts to substantiate discussions on AM’s capabilities and economic 
implications apart from the current “3D printing hype”. Thus, this study discusses and 
compares value creation of different customization approaches in light of AM technology; 
enhancing conventional MC’s theoretical scope to a “true” or “full customization” approach. 
Further, practitioners in manufacturing and marketing get insights in how to best use AM 
technology’s capabilities in customization offerings. Marketers are informed regarding the 
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value increment of different customizable product attributes, and how AM production 
technology could be an enabler of an enhanced customization strategy. 
 
This research article proceeds as follows: We deduct the hypotheses for our empirical analysis 
in Section 2.
38
 Then, we present our research design and describe our two online consumer 
experiments in Section 3. In Section 4, we analyze the results of our empirical studies. Then, 
we discuss our findings and identify theoretical as well as managerial implications in Section 
5. Finally, we outline limitations of our studies and give directions towards future research in 
Section 6. 
 
 
III.2 Literature Review and Hypotheses Development: Value Creation with 
Customized Products in Light of Additive Manufacturing 
In this section, we give a brief overview of the relevant theoretical concepts and derive 
testable hypotheses. 
 
III.2.1 Customer Benefits Derived from Customization 
In the subsequent section, we will discuss customer benefits that can be derived from 
customization. 
 
 
                                                 
38
 As this paper intends to replicate findings of Research Paper II, some hypotheses are identical. Therefore, we 
refer to Research Paper II for a detailed deduction of the corresponding hypotheses and only present a brief 
summary within this article. 
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III.2.1.1 Value Dimensions of Customized Products 
Product customization can be realized with different types of customizable product attributes.  
Piller (2004) suggests three generic types of customizability: (i) functionality, (ii) fit and (iii) 
style. While the latter refers to the aesthetic appeal of a product (e.g., choice of color, design 
elements/shapes), fit refers to the customization in line with customer-specific requirements 
toward the physical dimensions of the product (e.g., length and width of a product). Customi-
zation of functionality describes the adjustment of functions/technical attributes of a product 
(e.g., precision, speed). 
It has been shown in the MC research that customization of products can increase product 
value and, thus, WTP (Franke & Piller, 2004; Franke et al., 2010; Merle et al., 2010; Schreier, 
2006). The increase in perceived product value is the result of individual benefits which can 
be either product or process-related. In each of these dimensions, benefits can be of utilitarian 
or hedonic nature. 
 
Hence, we derive the following hypotheses: 
H1. Increased customizability (co-design freedom) available with AM leads to higher 
perceived product value. 
H2. Perceived customer benefits (hedonic/utilitarian) in both, product and process 
dimensions, have a positive effect on overall perceived product value. 
 
III.2.1.2 Involvement and Perceived Product Value 
Customers frequently have differing attitudes towards a certain product driven by their 
individual characteristics. In particular, product involvement has been highlighted to influence 
customers’ buying behavior (Franke et al., 2009; Gordon et al., 1998; Kaplan et al., 2007; von 
Hippel, 2005). Therefore, we can hypothesize that product involvement has a positive effect 
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on perceived product value and moreover, highly involved consumers reveal a higher value 
increment when having enhanced product customization (full customization) available with 
AM. 
 
Hence, we derive the following hypotheses: 
H3a. Consumers with high product involvement show higher perceived product value 
of the customization offerings (modular and full) than consumers with low product in-
volvement. 
H3b. This effect is even stronger for the full customization offering leading to a higher 
value increment when enhancing customization (from modular to full) for consumers 
with high product involvement compared to consumers with low product involvement.  
 
Yet, many customers are rather inexperienced with customization offerings (Piller, 2004). A 
positive general attitude towards customization also contributes to a stronger intention to 
engage in actual customization activities (Lai & Aritejo, 2013). 
Hence, we propose the following hypothesis: 
H3c. A positive attitude towards customization has a positive effect on perceived 
product value of the customization offering (modular and full). 
 
III.2.1.3 Cognitive Costs of Product Customization 
The attitude towards customization activities is likely to influence the perceived cognitive 
costs of engaging in customization processes. For customers who generally enjoy customiza-
tion activities, the likelihood of perceiving the co-design process as a burden or unpleasant 
effort is low (Lai & Aritejo, 2013). However, in the absence of a positive attitude towards 
customization, the customization process may increase perceived acquisition as well as search 
Research Paper III: “Product Customization with 3D Printing: Perceived Product Value and Its Drivers” 172 
 
and evaluation costs for the customer. Therefore, the net effect of value creation is to be 
assessed (Ihl, 2009). Confronting customers with a higher product variety may lead to a more 
complex purchase decision, leading to cognitive costs that may outweigh benefits from 
customization (Franke & Piller, 2004; Huffman & Kahn, 1998; Steiner, 2014). As coined by 
Pine (in Teresko, 1994), customization may lead to “mass confusion”. Various scholars argue 
that customers might be overwhelmed or demotivated when customization becomes too 
complex (Bertini & Wathieu, 2012; Dellaert & Stremersch, 2005). Moreover, customers often 
do not exactly know their preferences or face issues in accurately articulating them (Randall 
et al., 2007; Simonson, 2005).
39
 As a result, customers can get confused when customizing 
their products in a co-design activity; high efforts/cognitive costs are perceived, potentially 
resulting in a negative net value effect. Thereby, customers with low product involvement 
frequently show less willingness to engage in buying activities that require comprehensive 
problem-solving (Schiffman et al., 2008). Thus, customers characterized by low product 
involvement may perceive fewer benefits from product customizability while potentially 
bearing high cognitive costs, potentially resulting in a negative net value. 
 
Hence, we derive the following hypothesis: 
H4. Customers with low involvement show a value decrease (negative net value effect) 
when enhancing customization from a modular to a full customization approach.  
 
                                                 
39
 In customization activities, customers need to be supported in identifying suitable solutions, while minimizing 
complexity and burden of choice (Salvador et al., 2009). Scholars argue that “mass confusion” can be avoided 
when customers are adequately supported during the customization process with e.g., easy-to-use toolkits, help 
functions, and recommender systems (Franke et al., 2008; Huffman & Kahn, 1998). 
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III.2.2 Technology Hype and Novelty Effect 
Hyped technology differs to other innovations in regard to its “extravagant publicity” 
(Hedman & Gimpel, 2010, p. 161). Large media coverage including rather visionary use cases 
of AM technology in applications ranging from 3D-bio-printed food, over printable weapons, 
to 3D-printed base stations on the moon, reflects current publicity related to AM. This sort of 
publicity is a perfect breeding ground for the phenomenon of technology hype. Gartner (2014) 
endorses that consumer 3D printing is currently being hyped saying that it is on its “peak of 
inflated expectations”; thus, beliefs in the technology largely exceed its maturity. They 
predict that it will take another five to ten years until consumer 3D printing reaches a level of 
productivity which allows mainstream applications. However, technology hype also fosters 
additional consumer awareness and excitement, referred to as a novelty effect. Pihlström & 
Brush (2008) point out that novelty generally has a positive effect on and creates interest in 
new products and services. This is why we expect that AM technology, an innovative 
technology surrounded by large media hype, induces a novelty effect for consumers who, in 
turn, perceive a higher product value for products that are “3D-printed”. 
 
Hence, we derive the following hypothesis: 
H5. AM technology creates a novelty effect for consumers leading to higher perceived 
product value. 
 
 
III.3 Research Design and Method: Consumer Experiments with Different 
Degrees of Product Customization 
In this section, we give an outline of our research design and present the measures used to 
derive our findings. 
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III.3.1 Study Design & Procedure 
The identification of a perceived value increment for customized products that potentially 
better meet individual needs is often a challenge. The issue is that true individual preferences 
are often unknown or differ from expressed ones (Franke et al., 2009; Simonson, 2005); 
information on individual preferences is frequently “sticky” (von Hippel, 1994). Toolkits are 
a rather inexpensive solution in customization offerings to let customers discover and reveal 
their preferences by being directly involved in co-designing their individual product that best 
meets their needs (von Hippel, 2005). Therefore, we used online toolkits (non-functional 
mockups) for product customization to test our hypotheses. 
 
We designed two online studies with German consumers. In the course of the survey, 
consumers were treated with two non-functional mockups of an online buying process for a 
ceramic kitchen knife. The mockups represented online toolkits with different degrees of 
available product customization (see Appendix A.2). Having randomly shown a treatment, 
consumers had to answer a short survey on their perceived product value, purchase intention 
and their WTP. Then, the survey was complemented by some personal questions on product 
involvement, attitude towards customization and demographics. Table III.1 summarizes the 
design of the two studies. 
 
The choice of the customizable products and their customization features is the result of 
several workshops with an MC expert group. In Study 1, we focused on the value of custom-
izing style-related/aesthetic (e.g., color, shape) product design parameters; while fit-related 
(e.g., handle fit to hand, weight) parameters were in focus of Study 2. Attributes related to 
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functionality remained constant throughout the treatments.
40
 Consumers were explicitly told 
in the introductions of the surveys that technical attributes (e.g., quality, cutting capability of 
the knife) did not differ between treatments and individual product customizations. 
 
 Study 1: 
Customizable Ceramic Knife 
(focus on style) 
Study 2: 
Customizable Ceramic Knife 
(focus on fit) 
Study’s focus Identification of deltas in WTP and product 
value related to style-related (aesthetic) 
product attributes, 3D printing novelty 
effect, and product involvement 
Identification of deltas in WTP and 
product value related to fit-related 
product attributes and product 
involvement 
Test of hypotheses (focus) H1, H2, H3a/b/c, H4, H5 H1, H2, H3a/b/c, H4 
Scenarios 
 
Two treatments in random order: 
 
1 Product configuration: modular 
choices in designs and colors for 
handle and blade; engraving of text on 
handle 
 
2a/b Stepless product design: continuous 
adjustments of designs and colors for 
handle and blade; engraving of text on 
handle or upload of personal handwrit-
ing; in Treatment 2b: “3D printing 
label” 
 
Two treatments in random order: 
 
1 Product configuration: modular 
choices for handle’s geometry, 
weight, surface, and hardness. 
 
2 Stepless product design: continuous 
adjustments of handle’s geometry 
(according to biometric scan of 
hand), weight, surface, and hard-
ness. 
 
n 200 (Treatment 1 x 100, Treatment 2a x 50, 
Treatment 2b x 50) 
200 
(Treatment 1 x 100, Treatment 2 x 100) 
% female  53.0% 46.5% 
Age structure (%) 
 <18: 
 18-25: 
 26-35: 
 36-45: 
 46-55: 
 56-65: 
 >65: 
 
 2.5 
 23.0 
 22.0 
 17.0 
 20.5 
 12.0 
 3.0 
 
 1.5 
 20.5 
 26.0 
 19.0 
 18.5 
 11.0 
 3.5 
   
Table III.1: Outline of Studies 1 and 2. 
 
As one specific element of Study 1, we included a “3D printing label” in 50% of the treat-
ments for the continuously customizable product in order to test for a novelty effect of AM 
technology.
41
 The survey was conducted with German consumers that were mainly between 
18 to 55 years old; the participation of female consumers ranged between 46.5% (Study 2) to 
                                                 
40
 We did not include any customizability of product attributes related to functionality because there was no 
suitable use case to implement a continuous adjustment of functional product attributes that allowed us to test for 
a potential value increment when enhancing customization from modular to full. 
41
 We did not include a “3D printing label” in Study 2 after we could not find any significant effects in Study 1. 
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53% (Study 1). In total we asked 400 consumers (Study 1: 200, Study 2: 200) for their 
feedback.
42
 
 
III.3.2 Measurement 
We used different scales from the MC literature stream to test our hypotheses (see Appendix 
A.1). We measured product value drivers in line with established scales from MC literature as 
introduced in Section III.2.2.1 measured on a 5-point Likert scale (Franke & Schreier, 2010; 
see Franke et al., 2010; Merle et al., 2010). Thereby, the value driver of “reduction of process 
complexity, effort and risk” is reversely measured and further referred to simply as “process 
effort”. Further, we measured purchase intentions with three established items (see Kamis et 
al., 2010; Li & Meshkova, 2013; Pavlou & Fygenson, 2006) as a control variable on a 5-point 
Likert scale. We also included established product involvement items (see Beatty & Talpade, 
1994; Cho, 2003; van Rijnsoever et al., 2012) to measure personal relevance of the product to 
the survey participants on a 5-point Likert scale. Further, we measured the participants’ 
attitude towards general customization activities, as well as knowledge of and interest in AM 
technology. All scales revealed high reliability with Cronbach’s α between α=.874 and 
α=.955 in both studies. 
 
                                                 
42
 We collected data between March and May 2014. The consumer panel was purchased from a professional 
market research company (www.ResearchNow.com). The service provider’s panels compile with international 
quality standards (e.g., CASRO, MRS, ESOMAR 28). Invitations for survey participation were sent to a target 
group which is representative for German online buyers. Several quality checks were conducted to ensure that (i) 
consumers did not participate more than once throughout the two studies, (ii) inconsistent or arbitrary (e.g., zero 
deviations in answers, exaggerated WTP levels) consumer feedback was filtered out, and (iii) “speeders” that 
largely undercut average survey duration were excluded from the dataset (mean time to complete the survey was 
about 12 minutes, speeders took 4 minutes or less to complete the survey). 
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Customer’s perceived product value is often measured in WTP. Thereby, WTP also incorpo-
rates the (expected) acquisition costs associated with the product’s purchase (Simonson & 
Drolet, 2004). In our empirical study, we conducted two online experiments with non-
functional mockups of an online shopping process for customizable products. This is why we 
were limited in the choice of feasible measurements. In particular, we had to rely on a non-
binding, hypothetical measurement. We chose the contingent valuation method (CVM) to 
survey WTP. Scholars highlighted that incentives might be missing to reveal real WTP with 
CVM, leading to potential overestimations of product value (Schreier & Werfer, 2007). On 
the other hand, strategic behavior can be eliminated when using a hypothetical measure such 
as CVM. It is argued that CVM delivers reliable results if responses generally fit to economic 
theory, and the products are clearly described and explained prior to evaluation (Carson, 
Flores, & Meade, 2001). Therefore, studies indicate that hypothetical WTP measurement with 
a CVM approach can lead to the same results as in a real choice setup with binding prices 
(Carlsson & Martinsson, 2001). CVM has also been used to survey WTP in previous product 
customization studies (Franke & Hippel, 2003; Franke et al., 2009; Franke & Piller, 2004). 
We implemented recommendations concerning the survey design: we comprehensively 
introduced the buying process and gave a clear description of the products. Moreover, we also 
collected control variables (i.e., purchase intention). We surveyed WTP with the CVM by 
directly asking the consumer “How much would you be willing to pay for your self-designed 
kitchen knife?” in line with Mitchell and Carson (1989) allowing positive non-decimal 
feedback only. 
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III.4 Analysis 
In this section, we present and discuss the results of our two empirical studies based on total 
feedback of 400 consumers. 
 
III.4.1 Study 1: Product Value of Customizable Products with Focus on Style-Related 
(Aesthetic) Attributes 
In Study 1, we portrayed the drivers that increase consumers’ perceived product value for 
customizable products with a focus on style-related (aesthetic) product design attributes. We 
asked 200 German consumers to give feedback on different treatments of a simulated online 
buying process for a ceramic kitchen knife in random order. These three treatments were 
either (1) a product configuration of a modularly customizable product design or (2a) a 
stepless product design that is continuously customizable. Moreover, we used the same 
mockup for the stepless product design as described before, but slightly altered it by explicitly 
labeling it as a product that would be produced with AM technology (2b). 
In all treatments, consumers were shown options for choosing a basic design for the blade and 
handle. Then they were shown different possibilities to customize these regarding length, 
width and color. Moreover, an engraving option in the handle was shown: consumers could 
enter a text and choose its formatting. In the stepless product design treatments (Treatments 
2a and 2b), they were alternatively offered the option to upload a personal handwriting for the 
engraving. In the treatment with the modularly customizable product (Treatment 1), distinct 
product design options were offered (e.g., “small”, “medium”, “large”) while in the other two 
treatments, product design parameters were continuously adjustable with “slidebars” (see 
Appendix A.2). 
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Firstly, we tested whether or not the order in which treatments were shown (first vs. second) 
had a significant effect on mean WTP. An independent samples t-test revealed that mean 
differences in WTP were insignificant (Treatment 1: t(137.37)=1.940; p=.054; two-tailed; 
Treatment 2a: t(65.86)=1.733; p=.088; two-tailed; Treatment 2b: t(98)=.886; p=.378; two-
tailed). Thus, the order in which a treatment is shown did not influence WTP levels. Secondly, 
another independent samples t-test was conducted to identify differences in mean WTP 
between Treatment 2a and 2b. Mean differences remained insignificant (t(198)=.854; p=.394; 
two-tailed). Even after filtering out responses of participants who were not aware of AM 
technology, mean differences between Treatments 2a and 2b remained insignificant (inde-
pendent samples t-test: t(152)=1.032; p=.304; two-tailed). Thus, we could not reveal a “3D 
printing novelty” effect (no support for H5). 
In the next step, a paired samples t-test was conducted to identify the effect of increasing co-
design freedom on WTP by comparing mean WTP deltas between Treatment 1 and Treat-
ments 2a/b (aggregated). The paired samples t-test revealed that differences in WTP means 
were insignificant (t(199)=-.370; p=.712; two-tailed). Moreover, a one-way ANOVA with a 
Tukey post-hoc test confirmed that mean WTP did not significantly differ from one another 
across the three treatments (F(2, 397)=.365; p=.695). Thus, we found that a higher degree of 
customization did not lead to significant changes in consumers’ perceived product value when 
focusing on aesthetic product design parameters on an aggregated level (see Figure III.1). 
Mean WTP for the modularly customizable product was M=29.97 EUR (SD=28.41, n=200), 
while for the continuously customizable products (aggregated for Treatments 2a and 2b) it 
was M=30.16 EUR (SD=28.21, n=200). Further, for Treatment 2a only, mean WTP was 
M=31.86 EUR (SD=31.01, n=100), while mean WTP was M=28.45 EUR (SD=25.15, n=100) 
for Treatment 2b. 
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Figure III.1: Overview WTP for Treatments 1-3 in Study 1. 
 
In summary, we could not confirm that an increase of product customizability (co-design 
freedom) led to higher WTP; neither could we show that a “3D printing novelty effect” 
existed when we explicitly labeled Treatment 2b as being a product which would be 3D-
printed (no support for H1 and H5). 
 
When further analyzing the drivers behind perceived product value, we could not identify 
significant differences in means for perceived preference fit, uniqueness value & pride of 
authorship, process effort, process enjoyment and purchase intentions across the three 
treatments.
43
 
 
 
Table III.2: Low vs. high product involvement and mean WTP (Study 1). 
 
                                                 
43
 One-way ANOVA revealed insignificant effects of the different treatments on preference fit (F(2, 397)=.289; 
p=.749), uniqueness value & pride of authorship (F(2, 397)=.191; p=.826), process effort (F(2, 397)=.209; 
p=.811), process enjoyment (F(2, 397)=.179; p=.836), and purchase intentions (F(2, 397)=.022; p=.978). When 
aggregating treatments 2a and 2b and conducting a paired sampled t-test between Treatment 1 and Treatments 
2a/b effects remained insignificant across all drivers. 
29.97 (28.41) 30.16 (28.21)
+1% (n.s.) -11% (n.s.)
28.45 (25.15)31.86 (31.01)
Ø 30.16
Modularly customizable prod.
(Product configuration)
Cont. customizable product
(Stepless product design)
Thereof: Cont. customizable prod. 
without/with 3D printing label
n = 200 n = 200 With label
n = 100
WTP values in EUR (standard deviation)
Without label
n = 100
1 Low (<3.40) 25.35 (19.19) n=99 25.78 (19.93) n=99 98 -.589 .557 -.06
2 High (3.40) 34.50 (34.70) n=101 34.45 (34.01) n=101 100 .071 .944 .01
Total 29.97 (28.41) n=200 30.16 (28.21) n=200 - - - -
Product 
involvement
Product configuration
Stepless product
design
Paired samples t-testMean WTP in EUR (SD)
df t-value
p (two-
tailed)
Cohen's 
d
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For evaluating the effect of product involvement on WTP, we split the participants into two 
groups on the basis of the median score in their feedback in the product involvement items 
(mean of seven items on 5-point Likert scale; min: 1; max: 5).
44
 We found that Group 1 (low 
product involvement) stated a WTP of M=25.35 EUR (SD=19.19; n=99) for Treatment 1 and 
M=25.78 EUR (SD=19.93; n=99) for Treatment 2. Differences in mean WTP remained 
insignificant between both treatments (no support for H4). Group 2 (high product involve-
ment) stated a WTP of M=34.50 EUR (SD=34.70; n=101) for Treatment 1 and M=34.45 EUR 
(SD=34.01; n=101) for Treatment 2. Again, the differences in mean WTP remained insignifi-
cant between both treatments (see Table III.2; no support for H3b). However, differences in 
mean WTP when comparing both groups were significant at the p<.05 level as revealed in an 
independent samples t-tests (Treatment 1: t(156.59)=-2.312; p=.022; two-tailed; Treatment 2: 
t(162.04)=-2.204; p=.029; two-tailed). Thus, we could generally highlight a positive effect of 
a higher product involvement on WTP (support for H3a). 
 
We further investigated the characteristics of the survey’s participants and conducted a cluster 
analysis. We classified participants according to their attitude towards customization (ATC: 
important vs. unimportant), and their stated product involvement (PI: low vs. high) into four 
clusters (see Figure III.2). Consumers’ product involvement was measures with seven items, 
attitude towards customization with three items. For both dimensions, construct scores with 
                                                 
44
 Participants with a PI score below 3.4 belonged to Group 1, while Participants with a score greater or equal to 
3.4 belonged to Group 2. An independent samples t-test confirmed that both groups significantly differed in their 
product involvement (t(171.35)=-17.827); p<.001 (two-tailed)). 
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the items’ mean values were computed (Min: 1; Max: 5), while groups (important vs. 
unimportant and low vs. high) were classified on the basis of median splits.
45
 
 
 
Figure III.2: Cluster analysis Study 1. 
 
We found that about two third of the participants are either “highly involved customizers” 
(Cluster 4: 63 participants), or “uninterested” (Cluster 1: 64 participants). 35 participants 
showed low product involvement and attached high importance to customization activities 
(Cluster 2: “Uninvolved customizer”), while Cluster 3 (“Highly involved but not customiz-
ing”) consisted of 38 participants. 
 
 
Table III.3: Dimensions of cluster analysis and their mean differences in Study 1. 
 
                                                 
45
 Cluster 1 with M=2.60 (SD=.608) PI and M=2.18 (SD=.790) ATC ; Cluster 2 with M=2.73 (SD=.548) PI and 
M=3.84 (SD=.340) ATC; Cluster 3 with M=3.77 (SD=.309) PI and M=2.58 (SD=.552) ATC; and Cluster 4 with 
M=4.00 (SD=.419) PI and M=4.06 (SD=.499) ATC. 
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Cluster  3:
“Highly involved  but not 
customizing”
(n = 38)
Cluster 4:
“Highly involved 
customizer”
(n = 63)
important
unimportant
high
Cluster  1:
“Uninterested”
(n = 64)
low
A
tt
it
u
d
e
 t
o
w
a
rd
s
c
u
s
to
m
iz
a
ti
o
n
Cluster 1 Cluster 2 Cluster 3 Cluster 4 F values (Welch) Sign.
2.60 2.73 3.77 4.00
(.608) (.548) (.309) (.419)
2.18 3.84 2.58 4.06
(.790) (.399) (.552) (.499)
Cluster size (n) 64 35 38 63
Attitude towards customization 
(ATC)
Product involvement (PI) F (3, 96.86)=107.27 1) p<.001
F (3, 99.54)=127.00 2) p<.001
Means (SD) ANOVA
1)  M ean differences between Cluster 1 & 2 n.s. (Games-Howell)
2)  M ean differences between Cluster 2 & 4 n.s. (Games-Howell)
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A discriminant analysis revealed that the classification of the survey’s participants into the 
four clusters was accurate: Wilk’s Lambda was .143 (thus, only 14.3% of the total variance in 
the discriminant scores was not explained by differences among the groups) and 96.5% of the 
participants were allocated to the clusters in line with the discriminant function’s prediction. 
Further, a one-way ANOVA confirmed that there were significant differences for PI and ATC 
between Clusters 1-4 (PI: F(3, 96.86)=107.27; p<.001; ATC: F(3, 99.54)=127.00; p<.001). A 
Games-Howell post-hoc test revealed that mean differences remained insignificant between 
Clusters 1 and 2 for PI and between Clusters 2 and 4 for ATC (see Table III.3). As a first 
rough check, we analyzed if cluster allocation generally had an effect on WTP by comparing 
aggregated feedback on WTP, regardless of which treatment had been shown (n=400). A one-
way ANOVA (Welch test) confirmed that there was a significant effect at a p<.001 level (F(3, 
169.44)=7.133). 
In line with presumed results, we see that participants of Cluster 4 stated highest WTP for the 
customizable products on average (Treatment 1: M=36.94; SD=36.79; Treatments 2a/b: 
M=37.08; SD=37.07) in Table III.4. On the other hand, participants of Cluster 1 stated lowest 
WTP for the customizable products (Treatment 1: M=22.66; SD=14.26; Treatments 2a/b: 
M=22.94; SD=14.32). Nonetheless, mean differences between the treatments remain insignif-
icant in each of the Clusters 1-4. However, when comparing means between clusters, we 
identified significant differences for both treatments. A one-way ANOVA (Welch test) 
revealed significant differences at a p<.05 level both, for Treatment 1 (F(3, 83.53)=3.552) and 
Treatments 2a/b (F(3, 83.78)=3.461) across clusters. A Games-Howell post-hoc test discov-
ered significant mean differences between Clusters 1 and 4 at a p<.05 level, while other 
differences remained insignificant. 
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Table III.4: Mean WTP by cluster (Study 1). 
 
Thus, we can highlight a value upside when targeting at customers that are characterized by 
high PI and a positive ATC (Cluster 4) for both treatments. Thus, the additional dimension of 
ATC helps customizers to improve their segmentation strategies when skimming a maximum 
of WTP (support for H3c). The results indicate that PI and ATC are equally important for 
segmenting customer groups because WTP levels in Clusters 2 (low PI, important ATC) and 
3 (low PI, important ATC) do not significantly differ from WTP levels in Clusters 1 and 4. 
However, we could not find a significantly higher WTP for Treatments 2a/b in any of the 
clusters which indicates that consumers do not see additional value in enhancing customiza-
bility of kitchen knives (from modular to full) with a focus on style-related attributes (no 
support for H3b). 
 
As our dependent variable (WTP) consists of non-negative integers, a count model seems 
appropriate for our analysis. Applying the overdispersion test provided by Cameron & Trivedi 
(1990), we found that our data violated the equidispersion assumption (mean equals variance) 
of the Poisson model. In fact, we identified that our data were over-dispersed. Scholars argue 
that in case of overdispersion in count data, a negative binomial regression is suitable (W. 
Greene, 2008; Hilbe, 2011). Hence, we conducted negative binomial regressions in order to 
better understand value drivers of WTP.
46
 We had two observations per participant in which 
                                                 
46
 We used the NLOGIT Econometric Software Version 5 for our analysis. 
1 “Uninterested” 22.66 (14.26) n=64 22.94 (14.32) n=64
2 “Uninvolved customizer” 30.29 (25.41) n=35 30.97 (26.86) n=35
3 “Highly involved but not customizing” 30.45 (30.96) n=38 30.08 (28.15) n=38
4 “Highly involved customizer” 36.94 (36.79) n=63 37.08 (37.07) n=63
Total 29.97 (28.41) n=200 30.16 (28.21) n=200
Cluster
Mean WTP in EUR (SD)
Treatment 1: Product 
configuration
Treatment 2a/b: Stepless 
product design
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we assumed time-invariant heterogeneity of each individual. To eliminate the resulting 
undesirable correlation of the error terms, we therefore used a fixed effects model designed 
for panel data analysis with unconditional estimators in line with Greene (2008).
47
 
 
 
Table III.5: Negative binomial regression (fixed effects panel data model) for Study 1. 
 
Table III.5 summarizes the results of the negative binomial regression. All count data models 
showed highly significant overdispersion. As suggested by the previous analyses, the 
treatment (modular vs. continuous) did not have a significant effect on WTP. However, we 
could highlight (partly) significant effects of preference fit, uniqueness value & pride of 
authorship, and process effort on WTP throughout Models 2 and 3 (support for H2). Surpris-
ingly, the effect of process effort was in the opposite direction. In Model 4 we could see that 
neither product involvement nor attitude towards customization significantly influenced WTP. 
 
                                                 
47
 However, some scholars argue that a fixed effects negative binomial regression is not a true fixed effects 
method because it does not control for all stable covariates (Allison & Waterman, 2002; Guimarães, 2008). 
(S.E.) (S.E.) (S.E.) (S.E.)
Treatment .006 (.022) -.006 (.026) -.006 (.028) -.008 (.029)
Preference fit .018 * (.009) .019 † (.010) .018 † (.010)
Uniqueness value & pride of authorship .016 † (.009) .017 † (.009) .015 (.015)
Process effort .020 † (.011) .020 † (.012) .019 (.014)
Process enjoyment -.007 (.015) -.007 (.015) -.004 (.019)
Purchase Intention -.002 (.018) .001 (.019)
Product involvement -1.071 (63006.200) 1.097 (1.893)
Attitude towards customization -2.154 (5.539)
Constant 17.342 (50509.480) 17.513 (154624.800) 21.296 (159598.100) 10.613 (20.801)
Overdispersion Wald test (α) .452 ** (.030) .430 ** (.030) .415 ** (.029) .409 ** (.029)
Overdispersion test: g=mu(i)
Number of individuals
Observations per individual
Number of parameters
Log likelihood
Akaike’s information criterion (AIC)
Dependent variab le: WTP; two-tailed t-tests; 
†
 p<.10; * p<.05; ** p<.01; *** p<.001
1007.70 1002.50 1007.501006.50
2 6 98
-501.857 -495.248 -494.762-495.235
200 200 200200
2 2 22
Model 1 Model 2 Model 4Model 3
Para-
meter
Para-
meter
Para-
meter
Para-
meter
5.341 5.610 6.089 6.037
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III.4.2 Study 2: Product Value of Customizable Products with Focus on Fit-Related 
Product Parameters 
In Study 2, we focused on the drivers that increase consumers’ perceived product value for 
customizable products with a focus on fit-related product attributes. Besides the focus on fit-
related customization and the lack of a “3D printing label”, Study 2 is structured identically 
with Study 1. Again, we asked 200 German consumers to give feedback on two different 
treatments (in random order) of a simulated online buying process for a similar ceramic 
kitchen knife but with a focus on fit-related product parameters. This is why treatments 
focused on customization options for the kitchen knife’s handle. In Treatment 1, the modular-
ly customizable product design, consumers were shown different options for the basic handle 
to choose from. Further, they could state the size of their hand (small, medium, large) to 
adjust the handle’s fit. Moreover, they could change the handle’s properties regarding its 
weight (light, medium, heavy), surface (smooth, medium, rough), and hardness (soft, 
medium, hard). In Treatment 2, the continuously customizable product, consumers were 
shown the possibility to steplessly change these product parameters with “slidebars” (see 
Appendix A.2). Moreover, the adjustment of the handle’s fit was simulated as being an 
automatic process which uses a digital scan of the hand to adjust the handle’s geometry 
according to the biometric data of the hand. Prior to this treatment, consumers were told to 
imagine that they would have easy and comfortable access to a scanning device for the hand.  
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Figure III.3: WTP for Treatments 1 and 2 in Study 2. 
 
First, we analyzed whether or not the order in which treatments were shown (first vs. second) 
had a significant effect on WTP. We conducted an independent samples t-test and found that 
mean differences remained insignificant for both treatments (Treatment 1: t(198)=-.927; 
p=.355; two-tailed; Treatment 2: t(198)=.673; p=.673; two-tailed). Then we compared WTP 
regardless of the order in which treatments were shown and found that consumers stated a 7% 
higher WTP for the continuously customizable product compared to the modularly customi-
zable product on an aggregated level across the two scenarios (see Figure III.3). A paired-
samples t-test revealed that the mean difference in WTP between the modularly customizable 
product (M=34.42 EUR, SD=34.48) and the continuously customizable product (M=36.99 
EUR, SD=36.12) was significant at the p<.05 level (t(199)=-2.454; two-tailed). The effect 
size of the mean difference of -2.57 (95% CI: -4.64 to -.50) was small (Cohen’s d=-.17). 
When further comparing product value drivers we found that there were significant differ-
ences in means for uniqueness value & pride of authorship, process effort and enjoyment, and 
purchase intentions between the two treatments (see Table III.6). Interestingly, mean differ-
ences for preference fit remained insignificant (t(199)=-.939; p=.349; two-tailed). 
 
34.42 (34.48) 36.99 (36.12)
+7%*
Modularly customizable prod.
(Product configuration)
Cont. customizable prod.
(Stepless product design)
n = 200 n = 200
WTP values in EUR (standard deviation); * p<.05
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Table III.6: Comparison of means of WTP, product value drivers and purchase intention in Study 2. 
 
For evaluating the effect of product involvement on WTP, we split the participants into two 
groups (each with n=100) as in Study 1. Again, this split was done on the basis of the median 
score in their feedback in the product involvement items (PI: mean of seven items on 5-point 
Likert scale; min: 1; max: 5).
48
 We found that Group 1 (low product involvement) stated a 
WTP of M=28.40 EUR (SD=28.60; n=93) for Treatment 1 and M=31.74 EUR (SD=33.01; 
n=93) for Treatment 2. The difference in mean WTP was significant at the p<.01 level (see 
Table III.7). Hence, we needed to reject H4 which proposed an opposite effect of enhancing 
customization for the group with low product involvement. Group 2 (high product involve-
ment) stated a WTP of M=39.65 EUR (SD=38.24; n=107) for Treatment 1 and M=41.55 EUR 
(SD=38.19; n=107) for Treatment 2. Differences in mean WTP remained insignificant 
between both treatments in Group 2. Therefore, we could not reveal a significantly higher 
value increment when enhancing product customization for Group 2 (no support for H3b). 
However, differences in mean WTP between both groups were significant at the p<.05 level 
for Treatment 1 and slightly above p<.05 for Treatment 2 as revealed in independent samples 
t-tests (Treatment 1: t(198)=-2.328; p=.021; two-tailed; Treatment 2: t(198)=-1.929; p=.055; 
two-tailed). Thus, we could again show a positive effect of a higher product involvement on 
WTP (support for H3a). 
                                                 
48
 Participants with a PI score below 3.4 belonged to Group 1, while Participants with a score greater or equal to 
3.4 belonged to Group 2. An independent samples t-test confirmed that both groups significantly differed in their 
product involvement (t(154.45)=-18.002); p<.001 (two-tailed)). 
p (two-
tailed)
Cohen's d
WTP (EUR) 34,42 (34,48) 36,99 (36,12) -2,454 * ,015 -,17
Preference fit 3,96 (0,89) 4,01 (0,88) -,939 ,349 -,07
Uniqueness value & pride of authorship 3,62 (0,95) 3,82 (0,92) -3,855 *** ,000 -,27
Process effort 2,51 (1,03) 2,69 (1,01) -2,575 * ,011 -,18
Process enjoyment 3,67 (0,99) 3,80 (0,94) -2,211 * ,028 -,16
Purchase intention 3,22 (0,99) 3,36 (1,03) -2,934 ** ,004 -,21
two-tailed: * p<.05; ** p<.01; *** p<.001
Means (SD), n=200
Modularly 
customizable product 
Continuously 
customizable product 
Paired samples t-test
t(199)
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Table III.7: Low vs. high product involvement and mean WTP (Study 2). 
 
Further, we classified participants according to their attitude towards customization (ATC: 
important vs. unimportant), and their stated product involvement (PI: low vs. high) into four 
clusters on the basis of median splits (as in Study 1).
49
 
 
 
Table III.8: Dimensions of cluster analysis and their mean differences in Study 2. 
 
A discriminant analysis revealed that the classification of the survey’s participants into the 
four clusters was accurate: Wilk’s Lambda was .144 (thus, only 14.4% of the total variance in 
the discriminant scores was not explained by differences among the groups) and 93.0% of the 
participants were allocated to the clusters in line with the discriminant function’s prediction. 
Further, a one-way ANOVA (Welch test) confirmed, that there were significant differences 
for PI and ATC between clusters (PI: F(3, 74.47)=106.76; p<.001; ATC: F(3, 80.36)=181.42; 
p<.001). A Games-Howell post-hoc test showed that mean differences between Clusters 1 and 
2 as well as Clusters 3 and 4 remained insignificant for PI. Further, mean differences between 
                                                 
49
 Cluster 1 with n=64, M=2.51 (SD=.674) PI and M=2.35 (SD=.721) ATC; Cluster 2 with n=29, M=2.60 
(SD=.625) PI and M=3.67 (SD=.378) ATC; Cluster 3 with n=29, M=3.90 (SD=.458) PI and M=2.49 (SD=.621) 
ATC; and Cluster 4 with n=78, M=4.00 (SD=.418) PI and M=4.14 (SD=.488) ATC. 
1 Low (<3.40) 28.40 (28.60) n=93 31.74 (33.01) n=93 92 -3.048 .003 ** -.32
2 High (3.40) 39.65 (38.24) n=107 41.55 (38.19) n=107 106 -1.108 .270 -.11
Total 34.42 (34.48) n=200 36.99 (36.12) n=200 ** p<.01
Product 
involvement
Mean WTP in EUR (SD) Paired samples t-test
Product configuration
Stepless product
design
df t-value
Cohen's 
d
p (two-
tailed)
Cluster 1 Cluster 2 Cluster 3 Cluster 4 F values (Welch) Sign.
2.51 2.60 3.90 4.00
(.674) (.625) (.458) (.418)
2.35 3.67 2.49 4.14
(.721) (.378) (.621) (.488)
Cluster size (n) 64 29 29 78
Attitude towards customization 
(ATC)
F (3, 80.36)=124.05 2) p<.001
Product involvement (PI) F (3, 74.47)=106.76 1)
Means (SD) ANOVA
1)  M ean differences between Clusters 1 & 2 and 3&4 n.s. (Games-Howell)
2)  M ean differences between Cluster 1 & 3 n.s. (Games-Howell)
p<.001
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Clusters 1 and 3 remained insignificant for ATC (see Table III.8). Again as a first rough 
check, we analyzed if cluster allocation generally had an effect on WTP by comparing 
aggregated feedback on WTP, regardless of which treatment had been shown (n=400). A one-
way ANOVA (Welch test) confirmed that there is a significant effect at a p<.01 level (F(3, 
172.04)=4.453); p=0.005). 
 
 
Table III.9: Mean WTP by cluster (Study 2). 
 
We see that the customizable products were valued highest in Cluster 4, the “Highly involved 
customizer”, (Treatment 1: M=42.28; SD=41.80; Treatment 2: M=45.04; SD=41.77). While 
participants in Cluster 1, the “Uninterested”, stated lowest WTP for both treatments (Treat-
ment 1: M=26.53; SD=28.64; Treatment 2: M=29.34; SD=33.97). Except for Cluster 3 
(“Highly involved but not customizing”), mean WTP for the stepless product design were 
slightly higher than for the modularly customizable product in each of the clusters (see Table 
III.9). In Cluster 1, mean differences in WTP were significant at the p<.01 level between the 
two treatments (Cluster 1: t(63)=-2.923; p=.005; two-tailed); while they remain insignificant 
in Clusters 2, 3, and 4. Further, we conducted a one-way ANOVA (Welch) to identify 
differences in mean WTP across clusters. Differences in mean WTP remained slightly 
insignificant for both treatments across clusters (Treatment 1: F(3, 196)=2.586; p=.054; 
Treatment 2: F(3, 196)=2.473; p=.063). A Tukey post-hoc test revealed that mean differences 
between Cluster 1 and 4 were significant for both treatments at a p<.05 level. Thus, we can 
df t-value
p (two-
tailed)
Cohen's 
d
1 “Uninterested” 26.53 (28.64) n=64 29.34 (33.97) n=64 63 -2.923 ** .005 -.37
2 “Uninvolved customizer” 32.52 (28.57) n=29 37.03 (30.68) n=29 28 -1.595 .122 -.30
3 “Highly involved but not customizing” 32.59 (25.66) n=29 32.17 (24.45) n=29 28 .125 .902 .02
4 “Highly involved customizer” 42.28 (41.80) n=78 45.04 (41.77) n=78 77 -1.375 .173 -.16
Total 34.42 (34.48) n=200 36.99 (36.12) n=200 * p<.05; ** p<.01; *** p<.001
Cluster
Mean WTP in EUR (SD)
Paired samples t-test
Product configuration
Stepless product
design
Research Paper III: “Product Customization with 3D Printing: Perceived Product Value and Its Drivers” 191 
 
highlight that high product involvement and a positive attitude towards customization had a 
positive effect on WTP. Hence, we found support for H3a and H3c. 
 
In the next step, we focused on value drivers behind the value increment (delta WTP) of 
enhancing customizability (WTP Treatment 2 – WTP Treatment 1). Linear regression was 
used to assess the ability of the four product value drivers (IV: delta of preference fit, 
uniqueness value & pride of authorship, process effort, and process enjoyment) to predict the 
value increment of enhanced customizability (DV: delta WTP) as outlined in Table III.10. 
Total variance explained by the model was R
2
=10.6% (F(4, 195)=5.787; p<.001). Only the 
effect of delta in uniqueness value & pride of authorship was statistically significant (stand-
ardized β=.236; p<0.01). It remained significant at the p<.01 level after adding further 
independent variables to the model (purchase intention, product involvement, attitude towards 
customization, gender, age, income) while none of these additional variables significantly 
explained variance in delta WTP as illustrated in Appendix A.3. Hence, we found some 
support for H2. However, higher product involvement did not explain a higher value incre-
ment (no support for H3b). 
 
 
Table III.10: Linear regression analysis Study 2. 
 
Again, we found that data were over-dispersed and thus, we conducted a negative binomial 
regression in further analyses. Again, we had two observations per participant and thus, we 
used a fixed effects model designed for panel data analysis with unconditional estimators. 
B (S.E.)
β (standard-
ized)
Sign.
Delta preference fit -1.335 (1.664) -.065 -.803 .423
Delta uniqueness value & pride of authorship 4.815 (1.653) .236 2.913 ** .004
Delta process effort 1.280 (1.035) .085 1.237 .218
Delta process enjoyment 2.639 (1.432) .148 1.843 † .067
R
2
=10.6%; F (4,195)=5.787; p <.001
†
 p<.10;  ** p<.01
t-value
DV: delta WTP
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Table III.11: Negative binomial regression (fixed effects panel data model) for Study 2. 
 
Table III.11 summarizes the results of the negative binomial regression. All count data models 
showed highly significant overdispersion. We could highlight significant effects of the 
treatment (modular vs. continuous) throughout Models 1-4. Moreover, process enjoyment 
significantly explained WTP throughout Models 1-5. Further, we identified that uniqueness 
value & pride of authorship as well as attitude towards customization became significant in 
Model 5. Hence, we again found some support for H2. We could further identify that a 
positive attitude towards customization activities had a positive effect on WTP (support for 
H3c) while the effect of product involvement remained insignificant.  
 
 
III.5 Discussion and Implications 
In this section we discuss our results, and point out managerial as well as theoretical implica-
tions of our studies. 
 
(S.E.) (S.E.) (S.E.) (S.E.) (S.E.)
Treatment .075 ** (.024) .057 * (.024) .060 * (.029) .059 * (.029) .059 (.037)
Preference fit -.003 (.011) -.002 (.011) -.003 (.012) -.006 (.013)
Uniqueness value & pride of authorship .018 (.013) .019 (.012) .019 (.013) .022 † (.013)
Process effort .008 (.010) .008 (.010) .008 (.012) .008 (.011)
Process enjoyment .022 ** (.008) .025 * (.010) .024 * (.011) .023 * (.010)
Purchase Intention -.010 (.014) -.010 (.014) -.007 (.015)
Product involvement .098 (.280) -.400 (.365)
Attitude towards customization .690 * (.278)
Constant 3.870 ** (.100) 3.584 ** (.168) 3.635 ** (.271) 3.318 ** (.825) 2.857 * (1.228)
Overdispersion Wald test (α) .571 ** (.038) .515 ** (.034) .485 ** (.033) .481 ** (.034) .474 ** (.033)
Overdispersion test: g=mu(i)
Number of individuals
Observations per individual
Number of parameters
Log likelihood
Akaike’s information criterion (AIC)
Dependent variab le: WTP; two-tailed t-tests; 
†
 p<.10; * p<.05; ** p<.01; *** p<.001
Model 1
4.350 4.148 4.201 4.293
Para-
meter
Model 4
Para-
meter
-549.829-563.548
200
2
1113.601115.70
2
1131.10
-547.816
1112.50
Model 3
Para-
meter
200
2
7
-549.884
1113.80
Model 2
Para-
meter
200
2
6
-550.270
2
8
Model 5
Para-
meter
200
2
9
4.279
200
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III.5.1 Overall Discussion 
Altogether, we proposed seven hypotheses on the basis of the theoretical background 
presented in Section 2. In Study 1, we found support for three of these hypotheses (H2, H3a, 
H3c), while four could be (partly) confirmed in Study 2 (H1, H2, H3a, H3c). Table III.12 
summarizes the results of the two studies.  
 
 
Hypothesis Study 1 Study 2 
Value of full customization  
 
H1 
Increased customizability (co-design freedom) available with AM leads 
to higher perceived product value. 
– 
Value drivers  
H2 
Perceived customer benefits (hedonic/utilitarian) in both, product and 
process dimensions, have a positive effect on overall perceived product 
value. 
() ()
H3a 
Consumers with high product involvement show higher perceived 
product value of the customization offerings (modular and full) than 
consumers with low product involvement. 
  
H3b 
This effect is even stronger for the full customization offering leading to a 
higher value increment when enhancing customization (from modular to 
full) for consumers with high product involvement compared to consum-
ers with low product involvement. 
– –
H3c 
A positive attitude towards customization has a positive effect on 
perceived product value of the customization offering (modular and full). 
()  
H4 
Customers with low involvement show a value decrease (negative net 
value effect) when enhancing customization from a modular to a full 
customization approach. 
– –
H5 
AM technology creates a novelty effect for consumers leading to higher 
perceived product value. 
– n.a. 
Table III.12: Overview test of hypotheses. 
 
The main goal of this article was to assess the value creation potential of AM from a consum-
er’s perspective by assessing the perceived value of a higher degree of product customization 
that is available with this technology. We assumed that the higher co-design freedom that is 
available with AM would enable customers to co-design products that are better tailored to 
individual needs and thus, lead to higher perceived product value. Indeed, we found that 
consumers partly value highly customizable products with higher WTP—in particular in the 
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case of fit-related customization in Study 2 we found a slight but significant value increment 
of 7% at an aggregated level. A between cluster comparison revealed that an upside in WTP 
of 50-60% (Cluster 4 vs. Cluster 1) was possible when targeting at specific niches. Opposite-
ly, a higher customizability of aesthetic (style-related) product design parameters was not 
valued by consumers in Study 1 at an aggregated level. But again, when targeting at specific 
niches, a value upside of more than 60% was possible (Cluster 4 vs. Cluster 1). 
 
How can these outcomes be explained? Different causes seem plausible: it may be that a 
ceramic kitchen knife is generally not a product for which customization is desired by many 
consumers, and therefore, a higher degree of customizability was not largely valued at an 
aggregated level. Further, it may be that aesthetic product parameters of the kitchen knife are 
not the ones consumers are interested in. Moreover, it may be that survey respondents hardly 
recognized any differences between the customization options of a modular product configu-
ration and a stepless product design in Study 1. In particular in the absence of a reference 
point such as a standard (mass) product, the incremental value of a stepless product design 
compared to modular customizability might be unnoticed. This may also be supported by the 
point that consumers are mostly unexperienced with customization activities in general (Piller, 
2004). 
Thus, we can highlight a value creation potential with AM technology when it is used to 
adjust fit-related attributes of a kitchen knife (i.e., the handle’s fit to biometric data of a hand, 
its weight, surface and hardness) to individual needs and when targeting at specific niches. 
However, the value increment in our case of Study 2 remained comparably small and might 
not offset, respectively, exceed additional costs for offering a steplessly customizable kitchen 
knife. In spite of AM technology’s capability of costless customization in manufacturing, 
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additional expenses in upstream processes (i.e., biometric scanning of the hand) and interfaces 
are required to automatically adjust a knife handle’s geometry. 
The value upside of AM-enabled customization is higher for specific target groups that are 
characterized by high product involvement and a positive attitude towards customization. In 
fact, AM would be a suitable technology to serve this rather small niche that demands tailored 
products and is willing to pay an adequate price premium because AM’s production costs are 
not subject to economies of scale (Berman, 2012; Rayna & Striukova, 2014). 
 
Interestingly, Study 2 revealed that uniqueness value & pride of authorship and process 
enjoyment were the only drivers that significantly explained the value increment when 
enhancing customization from a modular choice to a continuous adjustment of product 
attributes. We did not expect process-related drivers to largely explain the value increment 
because we used non-functional mockups in the simulated buying process. However, we were 
surprised not to find a significant influence of preference fit on WTP. Apparently, consumers 
were willing to pay more for the continuously customized ceramic knife because they would 
possess something unique which they are proud of, and enjoy a fun customization activity; 
not because they would perceive a utilitarian benefit of having a tailored product to individual 
requirements. 
When analyzing the predictors of perceived product value for both customization offerings in 
our negative binomial regression in Study 2, we could confirm significant effects of the 
treatment (modular vs. continuous) and the driver of process enjoyment on WTP. Further 
uniqueness value & pride of authorship and attitude towards customization significantly 
explained perceived product value. In Study 1, our negative binomial regression analysis 
revealed significant effects of preference fit, uniqueness value & pride of authorship as well 
as process effort (but in the opposite direction) on perceived product value. At the same time, 
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the treatment effect remained insignificant. Thus, we could highlight that the valuation of the 
customization offerings highly depended on the customizable attributes offered to the 
customers. 
When comparing the outcome of the different analyses, it is important to bear in mind that 
they slightly differ in their results (e.g., the effect of product involvement in the cluster 
analysis vs. regression analyses in Studies 1 and 2; the effect of product value drivers on WTP 
in Study 2 between regression models). This is due to the underlying assumptions of each 
analysis—therefore, it is important to recall these when interpreting results. 
 
Moreover, consumers (yet?) do not seem to attach additional value to the awareness that 
products were produced with AM technology as we showed in our results of Study 1. We 
revealed that AM technology is not a value in itself; a “3D printing novelty” effect could not 
be observed on an aggregated level (in fact, WTP differences tended to indicate a rather 
skeptical attitude with lower values on average). This is why the product value seems to be 
directly derived from the customization options offered. This supports the idea, that AM 
technology is rather a technology that facilitates fulfillment of a customization offering. If 
there is unfulfilled heterogeneity in product demand which can be addressed with highly 
customized products, AM technology enables enhanced customizability that allows to better 
tailor products to individual needs. Nonetheless, consumers do not perceive additional value 
in labelling products as “3D-printed”; thus, perceived value arises from the product’s 
characteristics, not from the knowledge of the underlying manufacturing technology. 
 
III.5.2 Theoretical Implications 
With our work we can highlight a number of interesting theoretical contributions. These 
contributions include the contextualization of AM technology as an enabler that enhances 
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conventional MC to a “true” or “full customization” approach. Conventional MC approaches 
are discussed given the revised manufacturing paradigms in light of AM technology. We 
identified that there could be additional benefit in serving the long tail with specific niche 
offerings. Consumers (at least specific clusters of them) perceived a higher product value for 
products that can be steplessly tailored to their individual needs compared to conventional 
MC offerings. With our findings we contribute to discussions related to the solution space 
design of MC offerings in full customization approaches. Moreover, we identified the 
different value drivers and showed that the value increment when enhancing customization 
from conventional (modular) to full (continuous) customization could be explained by 
uniqueness value & pride of authorship as well as process enjoyment and consumers’ 
characterstics. Moreover, we could substantiate the current discussions on AM technology’s 
capabilities with empirical findings showing a rather prosaic picture: yes, there were niches 
for AM to serve unfulfilled product demand heterogeneity, however, AM was not a value in 
itself. In fact, consumers were not willing to pay a price premium for a “3D printing label”; 
they sought for additional product value. Thereby, additional product value arose rather from 
fit-related than aesthetic customization, as the comparison of our two studies suggested—
WTP for customizing (modular and full) fit-related product attributes in Study 2 was valued 
higher than for customization of aesthetic product attributes in Study 1. Nonetheless, consum-
er perception and awareness of AM technology and its applications with enhanced customiza-
tion offerings may change in future when technology reaches higher maturity and is more 
widely diffused. 
 
III.5.3 Managerial Implications 
This article has some clear managerial implications: we identified that AM technology has a 
potential to increase value when it is installed to offer highly customized products. Nonethe-
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less, practitioners need to carefully decide what customization parameters are offered and how 
the customizability is marketed to certain target groups because higher customizability of 
products is not a value in itself. In fact, it is important to find the right customizable aesthetic 
and fit-related parameters for the corresponding products. In line with Piller (2004, p. 316), 
we can stress that “[s]etting the solution space becomes one of the foremost competitive 
challenges of a mass customization company”. This challenge is likely to be even more 
relevant when co-design freedom is enlarged with a continuous solution space enabled by AM 
technology. From a managerial perspective, our results also indicate that much higher value 
potential can be unleashed when specifically targeting at certain consumer (niche) groups 
characterized by high product involvement and a positive attitude towards customization. 
Eventually, higher marketing costs may soon be amortized when skimming customers’ higher 
WTP for products tailored to their specific needs while manufacturing costs with AM 
technology remain (nearly) constant regardless of the production volume per product variant 
for serving these niches (no/low economies of scale). 
 
On an aggregated level, there was no additional value in actively labeling products that were 
produced with AM technology as such. With our empirical evidence we support the idea that 
AM is a technology that rather facilitates fulfilment of (enhanced) customization offerings 
than a value in itself. Thus, marketers should carefully use any kind of “3D printing” adver-
tisements of their products unless the consumers’ characteristics are truly known and under-
stood. 
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III.6 Limitations and Future Research 
When interpreting our results, it is important to bear in mind that our study has some limita-
tions. Firstly, our study used non-functional mockups for simulating an online buying 
process—real online shopping behavior might deviate from our observations since we had to 
trust on the consumers’ imagination. Secondly, as a consequence of dealing with non-
functional mockups, we used the CVM method for retrieving WTP. The non-binding bid that 
consumers stated may derive from real, binding prices they would be willing to pay. Thus, it 
would be a meaningful contribution to replicate our experimental setup in a real (online) 
shopping environment. Thereby, it would be worthwhile relying on alternative measures for 
WTP such as a binding Vickrey auction or a lottery. Thirdly, the customizable products and 
their customization features in the experiment could be identified on an empirical basis in a 
pre-test rather than relying on opinions of an MC expert group. When comparing the results 
of Studies 1 and 2, we showed that the choice of the customizable product and its type of 
customization features (style or fit-related) had a large effect on our results. Thus, the 
development of a systematic approach for designing customization offerings would be a 
meaningful contribution. However, there is yet little research on how to systematically 
identify heterogeneity of demand; thus it is frequently unclear where variety matters 
(ElMaraghy et al., 2013). Moreover, since the use of AM for (continuously adjustable) end 
use parts is fairly new, it is difficult to find such empirical evidence. Fourthly, we relied on 
feedback of a survey panel which was bought from a professional service provider. Even 
though it complies with international quality standards and we conducted several consistency 
checks, panel effects may still have occurred. When considering rather small alterations 
between the treatments, lacking carefulness in filling out the survey can easily deter results. 
Again, a real (online) shopping environment would help to increase validity of results. Further, 
the hypotheses were tested with German consumers only—a replication with either focusing 
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on other geographies/markets or studying specific target groups would be worth studying (e.g., 
groups/niches with specifically high involvement).  
 
Despite these limitations, we contributed to an initial assessment of AM technology’s value 
creation potential and enhanced theoretical understanding of MC by discussing it in light of a 
“full customization” approach. In future research, AM’s impact on business model innovation 
is an interesting field of study. AM offers the opportunity to bridge the gap between conven-
tional producers and consumers. Conventional barriers for accessing manufacturing resources 
diminish when users get relatively easy access to decentralized production resources (e.g., 
their own 3D printer, or a digital manufacturing workshop such as a FabLab or TechShop) 
with a standardized interface, a product’s 3D design data. This may lead to a shift in value 
creation activities and revenue streams, constituting an interesting field for future research 
(Piller et al., 2015). Instead of selling finished products, firms may concentrate their value 
creation on offering digital product designs while production occurs locally at the consumer’s 
premises or digital manufacturing workshops close by (Sun & Linton, 2014). More radically, 
it is likely that a certain group of customers directly benefits from relatively inexpensive 
access to local manufacturing resources: so-called “lead users” (von Hippel, 2005) are 
enabled (i) to develop important innovations more easily and turn them into physical products 
(“user manufacturing”) and (ii) to commercialize their product innovations (“user entrepre-
neurs”) with the help of AM technology. User entrepreneurs may have a better knowledge on 
local customer demand than large manufacturers which enables them to better tailor products 
to local needs (Kleer & Piller, 2013). In particular, in markets that are characterized by high 
demand heterogeneity, local user entrepreneurs could install a competitive advantage against 
larger firms that rely on (simple) customization offerings (Piller et al., 2015). In fact, innovat-
ing users with access to AM (and other digital fabrication technology) already form a growing 
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community of so-called “Makers” (Anderson, 2012; Gershenfeld, 2012; Lipson & Kurman, 
2013). Empirical evidence of these phenomena in light of a larger diffusion of AM technology 
would be a meaningful contribution to the innovation management discipline. 
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III.A Appendix 
III.A.1 Scales  
Scale Item Source 
Cronbach’s 
alpha 
  
The customized product… 
  
Preference Fit 
… is something that I would like. (Franke & Schreier, 2010) 
Study 1: .955 
Study 2: .931 
… is something that I would be satisfied with. (Franke & Schreier, 2010) 
… would exactly meet my requirements. (Merle et al., 2010) 
… would fulfill all my wishes regarding the product 
design. 
(Merle et al., 2010) 
Uniqueness value 
& pride of 
authorship 
… would make me feel proud because I created 
(chose) it myself. 
(Franke et al., 2010) 
Study 1: .923 
Study 2: .914 
… would allow me to strongly identify with the 
product. 
(Franke et al., 2010) 
… is a product that others would not have. (Merle et al., 2010) 
… would offer me a small element of differentiation 
compared to others. 
(Merle et al., 2010) 
    
 Designing this product…   
Process effort 
… would require much effort. (Franke & Schreier, 2010) 
Study 1: .931 
Study 2: .887 
… would be exhausting. (Franke & Schreier, 2010) 
… is something that I would perceive as “costly” 
(in terms of time and effort). 
(Franke & Schreier, 2010) 
Process 
enjoyment 
 
… is something that I would enjoy very much. (Franke & Schreier, 2010) 
Study 1: .951 
Study 2: .932 
… would be fun. (Franke & Schreier, 2010) 
… would be quite enjoyable. (Franke & Schreier, 2010) 
… would be very interesting. 
 
(Franke & Schreier, 2010) 
    
Purchase 
Intention 
I would purchase this product from any web vendor 
within the next 30 days. 
(Li & Meshkova, 2013; 
Pavlou & Fygenson, 2006) 
Study 1: .920 
Study 2: .924 
It would be very likely that I would buy this product 
if it was presented in this way. 
(Li & Meshkova, 2013) 
If I would want to purchase a similar product in 
future, I would visit a web shop which presents its 
products in this way. 
 
(Kamis et al., 2010; Li & 
Meshkova, 2013) 
    
 Generally, …   
Product 
involvement 
… I am somebody who has strong interest in 
kitchen knives. 
(Beatty & Talpade, 1994) 
Study 1: .874 
Study 2: .901 
… this product category is very important to me. (Beatty & Talpade, 1994) 
… kitchen knives matter a lot to me. (Beatty & Talpade, 1994) 
… I get bored when other people talk about kitchen 
knives. (reverse coded) 
(van Rijnsoever et al., 2012) 
  
Ceramic kitchen knives …  
… are very important to me. (Cho, 2003) 
… are something that I carefully choose. (Cho, 2003) 
.. are products which I would buy within the next 6 
months. 
(Cho, 2003) 
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 Customization of products…   
Attitude towards 
customization 
… is important to me. 
[own items] 
Study 1: .891 
Study 2: .906 
… is something that I specifically seek for. 
… provides a personal benefit to me.  
    
Table III.13: Overview scales and corresponding items. 
 
III.A.2 Treatments  
Treatments in Study 1 
 
Figure III.4: Treatment 1 of Study 1 (product configuration with focus on aesthetics). 
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3) Choose your design options
Instructions
• You can choose a basic design for the handle and the 
blade.
• Choose your favorite design options for the handle and 
the blade.
• For the personal engraving in the handle, you can enter 
your personal text.
Here, you would see your 
customized product
3D model of your customized product
?
Help
1) Choose your basic design for the handle
2) Choose your basic design for the blade
Your customized ceramic knifeCustomization of ceramic knife
2.0 cm
32.0 cm
12.0 cm
Different options to adjust the 
product design
Personal 
Engraving
Handle 
Design
Blade 
Design
| My knife
Font:
Text:
Size: small largemed
Color:
Length: short longmed
Color::
Width: slim widemed
Length: short longmed
Color:
Width: slim widemed
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Figure III.5: Treatment 2a of Study 1 (stepless product design with focus on aesthetics). 
 
 
Figure III.6: Treatment 2b of Study 1 (stepless product design with 3D printing label; focus on aesthetics). 
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3) Adjust your design options
Instructions
• You can choose a basic design for the blade and the 
handle to alter the start configuration. 
• You can further click on the “Edit” button on the right 
side to freely move elements of the products as you 
wish.
• With the slidebars on the left you can steplessly adjust 
the design of the handle and blade.
• For the personal engraving in the handle, you can enter 
text or you can upload a picture of your own 
handwriting.
Different options to adjust the 
product design
Here, you would see your 
customized product
Personal 
Engraving
3D model of your customized product
?
Help
Handle 
Design
Blade 
Design
| My KnifeText:
Color:
Length:
Color:
Width:
longshort
wideslim
Length:
Color:
Width:
longshort
wideslim
OR Upload of 
personal 
handwriting
1) Choose your basic design for the handle
2) Choose your basic design for the blade
Your customized ceramic knifeCustomization of ceramic knife
2.0 cm
32.0 cm
12.0 cm
Font:
Size:
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3) Adjust your design options
Instructions
• You can choose a basic design for the blade and the 
handle to alter the start configuration. 
• You can further click on the “Edit” button on the right 
side to freely move elements of the products as you 
wish.
• With the slidebars on the left you can steplessly adjust 
the design of the handle and blade.
• For the personal engraving in the handle, you can enter 
text or you can upload a picture of your own 
handwriting.
Different options to adjust the 
product design
Here, you would see your 
customized product
Personal 
Engraving
3D model of your customized product
?
Help
Handle 
Design
Blade 
Design
| My KnifeText:
Color:
Length:
Color:
Width:
longshort
wideslim
Length:
Color:
Width:
longshort
wideslim
OR Upload of 
personal 
handwriting
1) Choose your basic design for the handle
2) Choose your basic design for the blade
Your customized ceramic knifeCustomization of ceramic knife
2.0 cm
32.0 cm
12.0 cm
Font:
Size:
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Differences between Treatment 2a and Treatment 1 (product configuration): 
 Distinct options to adjust length (short / med / long), width (slim / med / long) and 
color (12 choices) for blade and handle (no continuous adjustment of attributes as in 
Treatment 2a) 
 Personal engraving: No upload function for personal handwriting, distinct options to 
adjust size (small / med / large), and color (12 choices) (no continuous adjustment of 
attributes as in Treatment 2a) 
 No “Edit” button to freely move elements of product to its adjust outer form 
 
Differences between Treatment 2a and Treatment 2b (stepless product design with “3D-
printed label”): 
 Identical with Treatment 2a but with a label “Produced with innovative 3D printing” 
 
 
Treatments in Study 2 
 
 
Figure III.7: Treatment 1 of Study 2 (product configuration with focus on fit-related attributes). 
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2) Choose your basic design for the handle
Your customized ceramic knifeCustomization of ceramic knife
3) Adjust handle to individual fit & requirements
Instructions
• You can choose a basic design for the blade and the 
handle to alter the start configuration. 
• By choosing the size of your hand, the fit (size) of the 
handle will be adjusted.
• Use the different customization options on the left-hand 
side to alter properties of the knife’s handle.
3D model of your customized product
Weight of 
handle
Surface of 
handle
Hardness 
of handle
Here, you would see your 
customized product
Size of 
hand for 
handle
heavy
(150 g)
rough
hard
large
light
(30 g)
smooth
soft
small
med
(75 g)
med
med
med
Different options to adjust the 
properties of the handle. 
2.0 cm
32.0 cm
12.0 cm
1) Choose your favorite blade
(each weighting 50 g)
?
Help
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Figure III.8: Treatment 2 of Study 2 (stepless product design with focus on fit-related attributes). 
 
Differences between Treatment 2 and Treatment 1 (product configuration): 
 Distinct options for size of hand for handle adjustment (small / med / large), weight of 
handle (light (30 g) / med (75 g) / heavy (150 g)), surface of handle (smooth / med / 
rough), and hardness of handle (soft / med / hard) (no continuous adjustment of attrib-
utes as in Treatment 2) 
 No “Edit” button to freely move elements of product to its adjust outer form 
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Your customized ceramic knifeCustomization of ceramic knife
Instructions
• You can choose a basic design for the blade and the 
handle to alter the start configuration. 
• After the digital scan of your hand, the fit (size) of the 
handle is automatically adjusted to achieve an 
individual fit which is aligned with your hand’s size
• Use the different customization options with the 
slidebars on the left-hand side to steplessly alter 
properties of the knife’s handle.
• You can further click on the “Edit” button on the right 
side to freely move elements of the products as you 
wish.
3D model of your customized product
Here, you would see your 
customized product
Different options to adjust the 
properties of the handle. 
2.0 cm
32.0 cm
12.0 cm
1) Choose your favorite blade
(each weighting 50 g)
3) Adjust handle to individual fit & requirements
Weight of 
handle
heavy
(150 g)
light
(30 g)
Size of 
hand for 
handle
Scanning of 
hand successful

Adjustment of
handle
accomplished

Surface of 
handle
roughsmooth
Hardness 
of handle
hardsoft
2) Choose your basic design for the handle
?
Help
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III.A.3 Regression Models (DV: Delta WTP) 
Table III.14: Study 2: Linear regression Models 1-5 (DV: Delta WTP Treatment 2 – WTP Treatment 1).  
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„Es ist nicht genug zu wissen, man muß auch anwenden; 
es ist nicht genug zu wollen, man muß auch tun.“ 
 
Johann Wolfgang von Goethe (1749-1832) 
 
